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Abstract 
This thesis presents the development of a wet 3D printing process, which uses a coagulation 
bath to fabricate carbon microtube composite structures. In this process, a composite ink is 
directly extruded trough a printer nozzle to a coagulation bath, where the ink solidifies and 
forms predefined structures. The wet 3D printing process allows the fabrication of intricate 
3D structures which is not possible using other extrusion-based techniques such as wet-
spinning. It is showed that by carefully controlling the coagulation bath, extrusion pressure, 
printing distance, and printed line distance, we can 3D print conductive composite structures 
with well-defined shapes. 
3D printing of natural polymer based conductive composites is challenging because of their 
poor interaction with polymer matrices. This project develops a technique for the preparation 
of carbon microtubes with physically modified surface to improve the interfacial interactions 
between composite components. The influence of the surface modification on roughness of 
the printed composite is investigated. In addition, the effect of nanogrooving on rheology and 
coherency of the extrudate is investigated. It is observed that the surface modification results 
in enhanced surface area of the carbon tubes, and therefore reduces the die swelling of the 
printing composite. Moreover, the enhanced surficial interactions between the composite 
components results in increased mechanical strength. 
Furthermore, in this work we fabricate a carbon tube based conductive composite with 
improved stretchability. The synthesized chitosan/carbon microtube structure represents 
superior stretchability and flexibility in comparison to the previously reported chitosan based 
composite structures. 
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Heterogeneous distribution of the conductive fillers within the polymer matrix is another 
issue associated with conductive composites. In this work, we have developed a novel cyclic 
cryogelation technique to induce a uniform distribution of carbon tubes across the composite. 
This cyclic thermal treatment leads to an orderly control of the hydrogen bonding networks 
and limits the polymer chain mobility, before the solvent evaporation. This restricted chain 
mobility decreases the possibility of local agglomerations, and therefore a significant 
improvement is observed in the homogeneity of filler distribution across the composite. 
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1. Research background
   Literature review 
Abstract 
This paper gives a review on three-dimensional (3D) printing of natural polymer based 
conductive composites. In addition, the potential applications of these structures in the areas 
of tissue engineering, energy storage, and sensor devices is presented. Fused deposition 
modelling and direct ink writing (3D plotting) are discussed as widely used 3D printing 
techniques for polymer composite structures. Carbon based materials including carbon tubes, 
carbon fibre, carbon black, and graphene are presented as the conductive fillers in conductive 
polymer composites. Finally, important issues and limitations of 3D conductive composites 
are identified for future researches. 
1.1. Introduction 
Three-dimensional (3D) printing is a process of direct layer-by-layer manufacturing of 
structures guided by a computer-aided design (CAD) model, in the absence of any part 
specific tooling (Waheed et al., 2019, Singh et al., 2019, Peng et al., 2019). A 3D printer 
fabricates two dimensional slices of one part at a time and joins them to build the final object 
(Chabaud et al., 2019, Akbari et al., 2019, Bandyopadhyay et al., 2015). Recently, 3D 
printing has enabled the production of novel composite materials at low cost. Researchers 
have incorporated functional elements such as conductive structures into 3D printing (Guo et 
al., 2015, Cha et al., 2013, Huang et al., 2017, Chinnam and Wunder, 2016). 3D printed 
conductive composites have enabled production of on-demand and patient-specific devices 
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(Malik et al., 2015, Melchels et al., 2010, Mosadegh et al., 2015). However, some issues 
remain in the fabrication of materials with desired characteristics and performance. This work 
presents a review of 3D printed natural polymer based conductive composites to improve the 
understanding of the current state and future trends toward developing functional 3D printed 
biomaterials. 
1.2. Natural polymers 
Natural polymers are polymers that occur in nature. They are categorized into three different 
types. The first type includes synthesized natural polymers such as polylactic acid (PLA), 
polyglycolic acid (PGA), polylactic glycolic acid (PLGA), and polycaprolactone (PCL), 
which are produced from natural monomers. The second type includes microorganism-based 
polyesters and polysaccharides. Microorganism polyesters include poly hydroxylalkanoates 
(PHA), polyhydroxyvalerate (PHV), and polyhydroxylbutyrate (PHB). Microorganism 
polysaccharides include bacterial cellulose, xanthan and pullulan. The third type includes 
natural-derivate polymers that are lipids, proteins, nucleic acids, and polysaccharides. 
Natural-derivate polysaccharides include starch, cellulose, glycogen, and chitosan (Zhu et al., 
2016, Mahmood et al., 2017, Nilsson et al., 2015, Thakur and Thakur, 2018, Jumaidin et al., 
2018). 
Natural polymers have been used to develop tissue engineering scaffolds, implantable 
devices, drug delivery systems, and packaging applications (Van Vlierberghe et al., 2011, 
Pham et al., 2006, Schiffman and Schauer, 2008, Pina et al., 2015, Hoch et al., 2016, 
LogithKumar et al., 2016, Venkatesan and Kim, 2014, Xiao et al., 2012, Nagarajan and 
Reddy, 2009, Makadia and Siegel, 2011, Singh, 2011, Patil et al., 2010, Rebelo et al., 2017, 
Xu et al., 2018, Lee et al., 2012, Garavand et al., 2017, Cha and Chinnan, 2004, Vartiainen et 
al., 2014, Farris et al., 2009). 
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Natural polymers are selected due to their availability and biocompatibility. 3D printing
enables the preparation of complex structures for various applications which have not been 
achievable via traditional methods (Ho et al., 2017, Mellott et al., 2001). Among them, the 
3D printed conductive layer-by-layer structures have found applications in the area as diverse 
as energy storage (Maurel et al., 2018, Chang et al., 2019), and sensing (Guo et al., 2015, 
Leigh et al., 2012). 
There are five well-established printing techniques to process polymeric materials including 
powder bed/inkjet head 3D printing (Butscher et al., 2011, Norman et al., 2017, Bose et al., 
2013), stereo lithography (Stansbury and Idacavage, 2016, Mondschein et al., 2017, Pede et 
al., 1998, Choong et al., 2017), selective laser sintering (Shirazi et al., 2015, Fina et al., 2017, 
Li et al., 2017, Fina et al., 2018), fused deposition modelling (Postiglione et al., 2015, Christ 
et al., 2017, Kennedy et al., 2017), and 3D plotting/or direct ink writing (Luo et al., 2015, 
Wei et al., 2016, Lewicki et al., 2017). Each technique has advantages and disadvantages 
concerning the selection of materials, processing parameters, hardening techniques, and the 
properties of the final structure. Among the printing techniques, the fused deposition 
modelling and 3D plotting haven been widely used to process natural polymer matrix 
conductive composites. These two approaches are thus described in the following. 
1.3. Fused deposition modelling (FDM) 
Fused deposition modelling (FDM) is currently the most prevalent 3D printing method to 
produce predefined designs by the extrusion of melted thermoplastic polymer filaments and 
forming multilayer three-dimensional structures. In a normal single screw extruder (Figure 1. 
1), the thermoplastic polymer in the form of granule, plate, or powder is first blended with 
the conductive filler and delivered to an extruder that shape the mixture into the composite 
filaments (Mohan et al., 2017, Boparai et al., 2016, Dudek, 2013, Sodeifian et al., 2019). 
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Figure 1. 1. The schematic of a fused deposition modelling printer. 
Polylactic acid, polycaprolactone, polycarbonate, and poly (lactic-co-glycolic acid) (Hsu et 
al., 2007) are the natural polymers usually used in FDM printing. The matrix melting 
viscosity in this technique must have an optimum value to be self-supporting as well as being 
extrudable. This is a common drawback restricting the number of natural polymers usable for 
the FDM printing technique (Khaliq et al., 2017, Siegel et al., 2016). 
 During the process, the heating unit is heated to a temperature higher than the melting point 
of the polymer extrudate. Both the platform and nozzle movements are controlled using CAD 
model, which converts the object dimension to an X-Y-Z coordinate system. The FDM 
printing process starts with the incorporation of the CAD model into the program, which 
facilitates the process, including feed rate, platform temperature, nozzle movement, layer 
thickness, and slicing. The printing layers fuse to preceding layers and solidify prior to 
subsequent depositions to enable well defined and accurate dimensions. A polymer surface 
that is not completely solidified would not be able to support the next layer without 
deformation. Therefore, in addition to the object dimensions, the processing time is 
dependent on the rate of hardening of the polymer. Finally, the printed design needs to be 
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removed from the platform by soaking in water, other liquid bathes or exposure to air. To 
improve the appearance and remove the imperfections, the printed object may also be coated, 
bead blasted, or acetone finished (Hanus et al., 2011, Kumar et al., 2019, Chohan and Singh, 
2017). Beside the premixed single nozzle technique, some other single or dual head methods 
are used in special applications. Table 1 summarizes established FDM methods, categorizing 
five different types, with their advantages and disadvantages.  
Table 1. 1. A summary of established FDM methods for composite material printing. 
Technique Advantages Disadvantages 
Single nozzle printing on 
conductive filler platforms 
(Dudek, 2013, Bak, 2003). 




- Allowing use of different
nozzles with different
materials on same filler base
and therefore the composite









Single nozzle by a premixed 
component (Matsuzaki et al., 
2016, Sanatgar et al., 2017, Kumar 
et al., 2018, Maurel et al., 2018).  
- High design flexibility.




-Voids created in the
premixing of
composite filaments.




Alternate dual printing which 
fabricate multiple-material layers 
(Kim et al., 2017, Gibson et al., 
2010, Okwuosa et al., 2017). 
- Allowing use alternate
material in a single and
continuous printing process.
- Design flexibility.
- Allow printing skeletal




design due to the
filament transitions.
- Must use materials
with same thermal
properties.
Single nozzle with a continuous 
conductive fibre (Li et al., 2016, 
Dickson et al., 2017, Yang et al., 
2017, Hao et al., 2018). 
- Uniform coverage of fibre
by the polymer matrix.
- Printing in a single and
continuous process.
- High orientation of the filler
phase within the polymer
matrix.






1.4. Direct ink writing (DIW)/3D plotting 
Direct ink writing (DIW), also called 3D plotting, is based on the extrusion of slurries, 
hydrogel solutions, and melted thermoplastic matrix composite polymers (Gladman et al., 
2016, Chen et al., 2018, Rauzan et al., 2018, Lewicki et al., 2017, Luo et al., 2018). 
Figure 1. 2. The schematic of a direct ink writing printer. 
In this technique (Figure 1. 2), the ink is required to have shear thinning performance and an 
adequate viscosity. The material’s flow within the printer causes a stress in the nozzle head, 
leading to the viscosity of the printing ink to decrease. The ink flows through the nozzle head, 
and deposits on the platform, the composite structure is hardened, resulting in the printed 
predefined design (Smith et al., 2018, Friedrich and Begley, 2018, Karis et al., 2017, Highley 
et al., 2015). The synthesis and preparation of the viscous materials in the form of printing 
inks that can be readily gelated, and flow through the nozzle tip can be challenging. In 
addition, the extrusion ink needs to display sufficient stiffness to maintain the filament 
structure after exiting from the nozzle tip. A high solid content in the solution-based inks is 
also required to avoid high percentage of free voids in the final structure (Vatani and Choi, 
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2017, Wei et al., 2016, Rau et al., 2018, Lewicki et al., 2017, Li et al., 2018). Further, the ink 
formulation needs to be easily solidified using the hardening methods such as vacuum/or air 
drying (Ho et al., 2017, Puthirath et al., 2017), fast evaporation (Gnanasekaran et al., 2017, 
Saleh et al., 2017), photo crosslinking (Mamaghani et al., 2018, Sayyar et al., 2016, Gladman 
et al., 2016), and solvent exchange (Nasri-Nasrabadi et al., 2018). In comparison to other 3D 
printing methods, the key advantage of 3D plotting is material flexibility. A wide range of 
solution-based components are usable as conductive composite inks for 3D plotting 
technique. Another advantage of this method is the ability of incorporating proteins, living 
cells, and drugs into the ink materials. However, a certain range of viscosity is required, 
which can be a restriction for some natural polymers. In addition, in some cases, a temporary 
surficial material may be needed to support the printed object to avoid the collapse before 
complete solidification. 
1.5. Conductive additives in 3D printing 
1.5.1 Carbon tubes 
Carbon tubes are allotropes of carbon with tubular structure, which display unique electrical, 
mechanical, and thermal properties (Schütt et al., 2017, Kausar et al., 2016, Gong et al., 2015, 
Sun et al., 2016). Carbon tubes possess structural defects that lead to intermolecular 
interactions between the composite components (Acquah et al., 2016). A uniform dispersion 
of carbon tubes in polymer matrix is required to avoid nozzle blockage during the printing 
process (Heeley et al., 2017, Nasri-Nasrabadi et al., 2018, Acquah et al., 2016, Zhang et al., 
2017). The concentration of carbon tubes should be such that the percolation threshold 
conductivity is achieved whilst maintaining the processing parameters for printing. 
Biocompatible polycaprolacton-polyethylene oxide (PCL/PEO) matrix has been combined 
with multiwall carbon nanotubes and processed via a solution-based 3D printing technique, 
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called electro hydrodynamic method. The fabricated composite microstructure demonstrated  
cell alignment throughout the composite scaffold, though the cell attachment was decreased 
in comparison to the PCL/PEO sample without the conductive filler (He et al., 2017). 
Ahmed et al, printed a 3D conductive structure based on polymethyl methacrylate, carbon 
nano tubes, and ionic liquids as plasticizer. It has been reported that the mechanical properties 
and conductivity of the composite increases with the addition of carbon nanotubes, up to 15 
wt %. In this formulation, the ionic liquid act as both plasticizer and dopant to increase the 
composite conductivity (Ahmed et al., 2019).  
Ho et al. reported a PCL/carbon nanotube solution-based printing for cardiac tissue 
engineering. It was observed that the incorporation of carbon nanotubes could increase the 
alignment of PCL molecular chains, leading to an increase in the crystallinity of the structure. 
Nanoindentation of PCL/CNT composite showed a significant increase of hardness and 
elastic modulus, compared to the pure PCL matrix. It was also found that the incorporation of 
CNT could tune enzymatic biodegradation and cell compatibility of the fabricated scaffolds 
(Ho et al., 2017). 
Deng et al, reported a multifunctional conductive composite with high searchability and 
flexibility, via a 3D printing. The composite consists of N-isopropyl acrylamide (NIPAM), 
nanoclay, and carbon nano tubes as the conductive filler. The conductive ink showed good 
processability to print in different shapes. The fabricated structure showed the ability to uses 
human motion monitoring as well as pressure dependant sensing devices (Deng et al., 2019). 
Sanatgar et al. developed an FDM printing technique for a tailored and customized 
functionalization on textile substrates. In their work, polyamide 66 (PA66) and PLA was used 
as the platform fabric. In different experiments pure PLA, nylon, polylactic acid/multiwall 
carbon nanotubes (PLA/MWCNT), and PLA/carbon black components were used as the 
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printing filaments. Processing parameters such as extruder and platform temperature, and the 
printing speed can influence the adhesion force between the platform fabric and the deposited 
polymer ink (Sanatgar et al., 2017). 
Shirvanimoghaddam et al. synthesised carbon microtubes from cotton fibres and used them 
as reinforcement filler in a titanium composite. It was found that the titanium/carbon 
microtubes exhibits improved bending strength and hardness (Shirvanimoghaddam et al., 
2019). Zhou et al. fabricated a carbon microtube/carbon nanotube composite to be used as a 
supercapacitor. The prepared structure displayed a high electrical conductivity that allows 
efficient charge transportation (Zhou et al., 2019). 
Nasri-Nasrabadi et al. synthesized a surface modified carbon microtube from cotton fibres, 
for a solution based direct ink writing. They conducted a surface cavitation on the chemically 
purified cellulose fibres before the carbonization process. The processed carbon microtubes 
demonstrated a moderate improvement in mechanical strength suggesting stronger interfacial 
interactions with the polymer matrix in the absence of any chemical modification (Nasri-
Nasrabadi et al., 2018). 
1.5.2. Carbon fibres 
Carbon fibres are structures composed of carbon atoms, with diameter in the range of 5-10 
μm. Owing to desirable characteristics such as low density, high tensile strength, stiffness, 
chemical resistance, and thermal and electrical conductivity, they can be used as 
reinforcement and conductive fillers in a wide range of polymer and natural polymer 
materials. The use of carbon fibre based composites leads to cost effective devices with high 
strength, durability and low density (Coleman et al., 2006, Zhao et al., 2016, Zabihi et al., 
2017). Carbon fibres can be used as continuous filaments in thermoplastic polymer matrices 
by a second printing nozzle. This double nozzle technique enables the fabrication of tailored 
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reinforced bilayer structures. Through this method, which creates unidirectional and 
directional reinforcements, it is possible to print composites in which sections of the sample 
can be made with different mechanical performances. This can be applicable in 
manufacturing industrial tools and fixtures such as soft jaws, end-of-arm tooling, and so on, 
where the structure needs to mimic metal properties (Tian et al., 2016, Matsuzaki et al., 2016, 
Van Der Klift et al., 2016). 
Li et al. reported a rapid printing technique based on FDM to fabricate continuous carbon 
fibre reinforced PLA composites. It was found that a new conical designed nozzle could 
facilitate the mixing of carbon fibres with the polymer matrix. However, it was still 
challenging to achieve strong interactions between carbon fibres and PLA resin. To address 
this problem, they used pre-processed carbon fibre bundles with PLA sizing agent, which 
reinforced the interfacial interactions with the polymer matrix. It was reported that the use of 
these surface modified carbon fibres results in significant increase in both flexural and tensile 
strength of the composite materials (Li et al., 2016). Figure 1. 3 is schematic representation 
of the PLA/continues carbon fibre printing. 
Figure 1. 3. Schematic of the designed extrusion device to printing continuous carbon fibre 
reinforced PLA (Li et al., 2016). 
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Tian et al. reported a PLA/continuous carbon fibre composite, fabricated using FDM 3D 
printing. It was found that, the processing temperature and pressure were important factors 
influencing the mechanical strength of the composite. The liquefier temperature of between 
200 to 230 °C is the best range to achieve a total resin-impregnation of the carbon fibre 
bundles. It was also observed that the layer thickness between 0.4 and 0.6 mm and the hatch 
space of around 0.6 mm ensured strong interfacial interactions between the PLA matrix and 
carbon fibres (Tian et al., 2016). 
Hofstatter et al. fabricated a PLA/carbon fibre composite through a two-step FDM 3D 
printing. First, composite filaments from polymer granules and short carbon fibres were 
produced followed by the final printing process. In both steps, the carbon fibres were oriented 
along the printing direction. It was observed that some elipsoidicholes with the average size 
of between 50 to 100 μm occurred in the composite structure that caused a decrease of tensile 
strength. The interface lines between the printed layers in the multilayer structures were also 
indistinct due to remelting of the printed layers, upon contact with the next printing layer. It 
was also reported that around 40% of the carbon fibres in the longitudinal direction were 
pulled out of the matrix during the tensile test (Hofstätter et al., 2016). 
1.5.3. Carbon black 
Carbon black is an amorphous form of carbon which is prepared from incomplete combustion 
process of petroleum materials such as ethylene cracking tar, coal tar, and vegetable oils 
(Burmistrov et al., 2016, Sichel et al., 1982, Bao et al., 2013, Kausar, 2018). Due to their 
chemical stability and availability, carbon blacks are widely used as conducting fillers in 
composite materials. Leight et al. fabricated a conductive composite structure from 
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polycarbonate and carbon black. They used 15 wt% CB in the PCL matrix to reach a semi 
conductivity and a suitable viscosity for a successful printing (Leigh et al., 2012). 
Fitz-Gerald et al. developed a new technique to produce conductive composites based on 
PLA and carbon black, as the feedstock for FDM 3D printing. They used chloroform as the 
solvent and cast the composite materials followed by a cryogenic milling treatment using 
liquid nitrogen to achieve extrudable properties. It was found that a concentration range of 25 
V% to 30 V% resulted in conducting filaments although their conductivity was inconsistent 
through the composite filament. It was also reported that 35 V% of CB is the maximum 
concentration in which the composite can be printed (Fitz-Gerald and Boothe, 2016). 
Wei et al, fabricated a conductive elastomeric composite, based on carbon black, via 3D 
printing (direct ink), for gas and strain sensing. It was observed that the fabricated 3D 
structure possesses stable piezoresistive sensing signals at high strain values (up to 80 V) 
which enable to distinguish human motions.  In addition, the printed structure demonstrated 
feasible recyclability reprocessing, with negligible determent to performance (Wei et al., 
2019).   
1.5.4. Graphene 
Graphene is a 2D single layer conductive material, consisting of carbon atoms arranged in a 
hexagonal lattice. Over the last decades, the use of graphene has been growing in areas as 
diverse as electrochemical sensing (Pumera et al., 2010, Bollella et al., 2017, Bahadır and 
Sezgintürk, 2016, Beitollahi and Garkani Nejad, 2016), energy storage (Raccichini et al., 
2015, Bonaccorso et al., 2015, Sun et al., 2017, Ambrosi and Pumera, 2016), tissue 
engineering (Shin et al., 2016a, Akhavan, 2016, Shin et al., 2016b, Sayyar et al., 2015), and 
soft robotics (Han et al., 2019, Peng et al., 2017a, Niu et al., 2016, Peng et al., 2017b, Deng et 
al., 2018). This is mainly due to Graphene’s significant electronic, thermal, and mechanical 
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performance (Nia et al., 2017, Ramanathan et al., 2008, Ha et al., 2012, Vadukumpully et al., 
2011, Lee et al., 2013). As a component of printing ink, there are some restrictions in its use 
such as nozzle blockages and temperature variation of graphene particles in polymer matrix 
that can be associated with non-uniform dispersion of the particles within the polymer matrix. 
This phenomenon results in phase separation of the graphene particles during the printing 
(Zhao et al., 2013, Ramanathan et al., 2008, Li et al., 2008, Yang et al., 2009). Wei et al. 
addressed this problem by using reduced graphene particles (graphene oxide) that facilitated 
the dispersion of particles within the polymer matrix (Wei et al., 2015). 
Zhang et al. developed a technique to produce PLA/ reduced graphene for FDM printing. The 
reduced graphene particles were first combined with PLA matrix via melt blending. Then, the 
fabricated filaments were used as the feedstock for FDM printing, where strong interfacial 
interactions were observed between the printed layers of the composite. In addition, it was 
found that the extrusion-based 3D printing results in a high orientation along the printing 
direction (Figure 1. 4), which leads to an improved conductivity of the composite (Zhang et 
al., 2016). 
Figure 1. 4. Simplified schematics depicting the process of graphene-based 3D printing using 
the technique of FDM (Zhang et al., 2016). 
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Sayyar et al. reported a flexible and multilayer 3D printed conductive composite consisting of 
polytrimethylene carbonate (with methacrylate end groups) and 3 wt. % graphene. It was 
found that, the incorporation of graphene along with UV crosslinking resulted in an 
electrically conductive composite structure with reinforced mechanical strength. Furthermore, 
the use of graphene also increased the  proliferation and attachment of mesenchymal stem 
cells on the printed structure (Sayyar et al., 2016). 
With regard to feedstock composite filaments for FDM printing, the flexibility and ductility 
are very critical parameters to make the process feasible. 
Maurel et al. reported a PLA/graphite composite as the negative electrode in lithium batteries 
printed via FDM method. They investigated the effect of incorporating plasticizers such as, 
acetyl tributyl citrate, poly (ethylene glycol) dimethyl ether (PEGDME) average Mn ∼ 500, 
and propylene carbonate on the flexibility of the feedstock filaments to be printable, and 40% 
PEGDME 500 was observed to be the best among the investigated plasticizers that decreased 
the mechanical properties of the feedstock filaments (Maurel et al., 2018). 
Moyano et al, printed self-supported 3D structures from graphene oxide/graphene 
nanoparticles via DIW. The fabricated structure showed an good electrical conductivity and
mechanical strength. It was also demonstrated that by changing the ratio of graphene oxide 
sheets to graphene nanoparticles, specific electrical conductivity values as well as improved
mechanical properties is achievable (Moyano et al., 2019).  
1.6. Applications 
Conductive polymer-matrix composites exhibit promising conductivity as bioactive scaffolds 
for neural and cardiac tissue engineering, since they can stimulate the cultured cell and 
accelerate the regeneration process (Harrison and Atala, 2007, Hopley et al., 2014, Cha et al., 
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2013). 3D printing can be a promising route to fabricate porous 3D structures with tuneable 
pore size, porosity distribution, pore shape, and interconnectivity, which are all key factors of 
a successful cell culture. 
Huang et al. synthesized a solution-based bio ink conductive composite, based on a 
biocompatible polyurethane as the polymer matrix and graphene as the conductive filler. The 
polyurethane used in their work was prepared from a mixture of poly (ε-caprolactone) diol 
and poly (D, L – Lactide) diol. The fabricated composite demonstrated cell attachment and 
proliferation, because of both electrical stimulation and well controlled porosity structure 
(Huang et al., 2017). 
Jakus et al. reported an electrically active 3D structure fabricated via DIW printing of a 
solution-based graphene/polylactic glycolic acid (PLGA) bioink. Beside the ease of bioink 
preparation, the long shelf life and the tailored design are the most promising properties of 
the fabricated scaffolds (Jakus et al., 2015). 
Cardiac tissue engineering is another reported application of 3D conductive composite 
structures. They can promote expression of cardiac-related proteins and gens as well as 
induced natural synchronous beating of the bionic cardiac tissue, which are key factors for to 
promoting cardiomyocyte proliferation, maturation, and long-term survival (Martins et al., 
2014, Martinelli et al., 2018, Wang et al., 2016, Gomes-Filho et al., 2013, Ye and Qiu, 2017). 
A 3D conductive composite scaffold was fabricated using DIW of carbon 
nanotube/polycaprolactone (PCL) bioink for cardiac tissue engineering. The printed 
composite exhibited mechanical properties (PCL/5 wt% CNT: Elastic modulus  
= 0.87 GPa) similar to the natural cardiac muscles. It was found that the incorporation of the 
conductive carbon tubes positively influenced viability, electro physical maturation and 
proliferation of the cardiac fibroblasts (Ho et al., 2017). 
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Pedrotty et al. fabricated a 3D conductive patch from carbon nanotubes and nanofibrillated 
cellulose bioink, which facilitated the cardiac conduction, while applied to disrupted 
myocardium.  
In lithium batteries, the lithium ions diffuse between the arranged electrodes in a 2D parallel 
configuration. Novel processing methods such as 3D printing, has enabled the fabrication of 
three-dimensional complex structures allowing 2D or 3D ion diffusion through the system. 
The increase of the electrochemical active surface in a specific exchange area leads to the 
increase of affordable power and specific capacity, which are the main advantages of these 
3D energy storage systems (Long et al., 2004). Sun et al. fabricated the first 3D lithium 
microbattery using the 3D printing of a conductive composite ink on gold current collector 
(Figure 1. 5a-d). They synthesized a cellulose based ink solution (ethylene glycol, glycerol, 
and cellulose based viscosifiers) and separately incorporated Li4Ti5O12 (LTO) and LIFePO4
(LFP) nanoparticles to fabricate negative and positive electrodes, respectively (Sun et al., 
2013). 
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Figure 1. 5. Schematic illustration of 3D interdigitated microbattery architectures (3D‐IMA) 
fabricated on: (a) gold current collector by printing, (b) Li4Ti5O12 (LTO), and (c) LiFePO4 
(LFP) inks through 30 μm nozzles, followed by sintering and (d) packaging (Sun et al., 
2013). 
Maural et al. fabricated a 3D conductive structure from a polylactic acid (PLA)/polyethylene 
glycol dimethyl ether (PEGDME)/graphene oxide composite, via FDM printing, for energy 
storage applications. In addition, carbon black and carbon nanofibers were separately 
incorporated to the composite ink. It was found that the carbon additive containing samples 
exhibited higher electrical conductivity which is due to the percolation network (Maurel et 
al., 2018). 
In recent years, the advancements in complex multi 3D printing enabled fabrication of sensor 
structures that are geometrically and functionally complex (Heger et al., 2015, Gowers et al., 
2015). In this approach, Leigh et al. fabricated a U-shape piezo resistive sensor via FDM 
printing of a PCL/CB composite. An electrical resistance change was observed with flexing 
of the 3D sensor structure. They also printed a capacitive pressure sensor from the PCL/CB 
composite ink, which could capture the touch sequences through detecting of pressure (Leigh 
et al., 2012). 
Guo et al. fabricated a freestanding helical structure for liquid sensing, via FDM printing of a 
PLA/carbon nanotubes composite (Figure 1. 6). It was reported that the liquid trapped within 
the printed helical structure for around 100 to 360 S, as opposed to 10 to 40 S for the straight 
sensor. This longer interaction between the sensor and liquid leads to a higher liquid diffusion 
through the sensor hence a faster response (to the liquid as the sensing material), in 
comparison to the straight structure. The fabricated helical sensor also represented higher 
liquid selectivity to different liquids with different relative electrical resistance variations 
(Guo et al., 2015). 
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Figure 1. 6.  (a) Schematic representation of the solvent-cast 3D printing of nanocomposite 
microstructures. Schematic circuits of the liquid sensing test for (b) the straight line sensor 
and (c) the 3D helical sensor. (d) Process-related apparent viscosity of PLA nanocomposite 
solutions (a typical processing window used in this work is shown by the dashed box) (Guo et 
al., 2015). 
Summary and future trends 
In recent years, the printing of complex-shaped 3D conductive composites has received a lot 
of attention and undergone developments. However, 3D printing is still not widely used by 
industries due to several issues and problems that must be overcome. 
The first issue associated with the 3D printed natural polymer based conductive composites is 
unsteady rheological behaviour, due to the use of chemical modifications on the conductive 
fillers. The chemical reactions are normally used to increase the interfacial interactions 
between the matrix and conductive filler, however they restrict the practical applications, 
when unlimited holding time is required. Therefore, a non-chemical method to improve the 
interfacial interactions of matrix/conductive filler is required. 
Slow solidification of solution based composite inks is another problematic factor during 3D 
printing of solution-based composites, because the printed filament requires to quickly 
solidify to bear the next printing layer with minimum deformation. There are some 
techniques such as photo crosslinking and fast drying for hardening of printed extrudates. 
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However, the development of a processing method for quick solidification of extrudates with 
high percentage of solvent is a necessary part of solution-based 3D printing. 
Poor elastic performance of natural based conductive composite materials is another 
challenging parameter, in applications areas such as wearable devices and wound dressing. 
Thus, the synthesize and preparation of a stretchable conductive structure with high 
reversibility is required. 
Uneven distribution of conductive fillers across the matrix is issue, as it negatively affects the 
performance consistency of the conductive composites. Therefore, a processing technique to 
improve the composite uniformity is required. 
Based on the literature, direct ink writing (DIW) or 3D plotting enables processing of a wide 
range of solution based conductive composites, in comparison to FDM printing. Further, the 
FDM printing technique requires an additional pre-processing stage to prepare feedstock 
filaments. 
In addition, it is possible that the carbon tubes can induce physical interactions with polymer
matrices, due to their structural defects, which can provide entanglement sites for molecular
chains (Acquah et al., 2016). 
In this thesis, chitosan as the second most abundant natural polymer was used in this work. 
Besides low cost, chitosan exhibits antifungal and antibacterial performance, and has been 
widely studied in cosmetic, food industries and biomedical applications. 
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2. Research gaps, objectives, and key
contributions
2.1. Research gaps 
• 3D printing of carbon tubes based composites are problematic due to their poor
interfacial interactions with polymer matrices. Surface chemical modification of
carbon tubes can be utilized to create bonding sites to form networks with polymer
chains. However, chemical reactions result in intermolecular primary bonding. These
bonding networks limit the processability of extrudate, since they cause unstable
rheological behaviour, and thus decrease the stock holding time, which is
determinative in 3D printing. Therefore, the use of a non-chemical method to increase
interfacial interactions between the composite components is required.
• 3D printing of multilayer composite structures from solution based natural polymer
inks is challenging because the printed filament requires a quick solidification to bear
the next printing layer with minimum deformation. There are some solidification
methods such as cooling and photo crosslinking of melt 3D printing that are not
suitable for hardening of solutions. Therefore, the use of a practical method for
solution-based composites is required.
• Low stretchability of the natural polymer based conductive composites has restricted
their practical applications in areas such as wearable sensor devices and smart wound
dressing. Therefore, the fabrication of a stretchable conductive structure with high
reversibility is required.
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• Heterogeneous distribution of conductive fillers within polymer matrix is
problematic because it adversely influences the performance uniformity of the
conductive composites. Thus, a practical method to induce a uniformity in the
distribution of the filler across the composite is required.
2.2. Research objectives 
• Design and development of a non-chemical modification technique to improve the
interfacial interactions between composite components.
• Design and development of a practical method to quickly solidify solution based
composite extrudates.
• Syntheses and fabrication of a conductive composite structure with high
stretchability and reversibility.
• Design and development of a post processing technique to obtain conductive
composites with high distribution uniformity of conductive fillers across the
polymer matrix.
2.3. Research contributions 
• Understanding of the effect of microcaviation on chemically purified cellulose fibres,
which results in surface nanogrooving of cellulose based carbon microtubes. This
study shows that in the absence of any chemical modification, the nanogrooving can
assist in preparing composite solutions with stable rheological behaviour. This time-
independent performance removes the restriction of the extrudate holding time which
is a key parameter in 3D printing of solution based inks.
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• Development of a method combining 3D printing and solvent exchange and
investigation of the effect of coagulation on the processing structure. This study
shows that a controlled solvent exchange enables the fabrication of multilayer
composite from solution-based inks, where a quick solidification of the printed layer
is required to tolerate the weight of subsequent printing layers.
• Understanding of the effect of different acidic solutions on solubility of chitosan as a
natural polymer and the mechanical properties of the fabricated structure. In this
work, we used an acidic mixture to dissolve more percentage of chitosan. The
mixture solution also acts as a plasticizer for chitosan, leading to a superior
stretchability and reversibility, in comparison to other chitosan based composite
structures prepared by conventional methods.
• Understanding of the effect of cryogelation as a post processing treatment on
distribution of carbon microtubes within the polymer matrix. This study shows that a
cyclic freeze-thawing method can effectively limit the polymer chain mobility via
the orderly control of hydrogen bonding networks formation. This restriction results
in the decrease of local agglomerations across the composite and therefore the
enhancement of their distribution homogeneity within the composite.
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Table 2. 1. Research gaps, objectives, and key contributions. 
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Figure 2. 1. Diagram of the thesis structure.
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3. Surface nanogrooving of carbon microtubes
3.1. Overview 
Poor surficial interactions between filler and polymer matrix in carbon based solutions is 
challenging because it results in poor mechanical strength of the printed composite. Surface 
chemical modification of carbon tubes can be utilized to create bonding sites to form 
networks with polymer chains. However, chemical reactions resulting in intermolecular 
primary bonding limit processability of extrudate. Chemical reactions cause unstable 
rheological behaviour, and thus decrease the stock holding time, which is determinative in 
extrusion. This chapter describes the synthesize of surficial nanogrooved carbon microtubes 
for wet-3D printing. The effect of microcaviation at different sonication times on the 
topography of carbon tubes is evaluated using Atomic force microscopy (AFM) and Scanning 
electron microscopy (SEM). The surface modification was conducted via microcaviation on 
the surface of the purified cellulose fibres. Here the effect of nanogrooving on the interfacial 
interactions between the polymer matrix and carbon microtubes has been analysed. 
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Surface nanogrooving of carbon 
microtubes
Bijan Nasri-Nasrabadi1, Akif Kaynak1, Zahra Komeily-Nia2, Scott D. Adams1, Jingliang Li2 & 
Abbas Z. Kouzani1
Extrusion processing of carbon tubes can be problematic due to their poor interfacial interactions with 
polymeric matrices. Surface chemical modification of carbon tubes can be utilized to create bonding 
sites to form networks with polymer chains. However, chemical reactions resulting in intermolecular 
primary bonding limit processability of extrudate, since they cause unstable rheological behaviour, and 
thus decrease the stock holding time, which is determinative in extrusion. This study presents a method 
for the synthesis of carbon microtubes with physically modified surface area to improve the filler and 
matrix interfacial interactions. The key concept is the formation of a nanogrooved topography, through 
acoustic cavitation on the surface of processing fibres. The effect of nanogrooving on roughness 
parameters is described, along with the role of surface modified carbon tubes on rheological behaviour, 
homogeneity, and coherency of extrudate. The measurements showed that nanogrooving increases the 
surface area of carbon microtubes, as a result, die swelling of the extrudate is reduced. Furthermore, 
after solidification, the mechanical strength of composite is reinforced due to stronger interactions 
between nanogrooved carbon tubes and polymer matrix.
Carbon tubes are allotropes of carbon with an exceptional combination of stiffness, low density, and electrical 
conductivity1. On the microscopic scale, these properties result in lightweight composite structures, combining 
the high specific mechanical strength of polymers and electrical conductivity of graphite2,3. For the fabrication of 
carbon tube assemblies, wet spinning is the first choice. In this technique, the carbon tubes are dissolved in either 
super acids4–6 or polymer solutions7–9, extruded through a nozzle, and finally coagulate into fibre structures with 
a high degree of orientation. For the majority of anisotropic building fillers10,11, shear rate-induced alignment 
endows the fabricated structures with enhanced properties. Despite their excellent properties, development of 
self-supported structures from carbon tubes is challenging due to their poor surface functionality. Chemical 
modification is considered to be a versatile method for fabricating reinforced composites by facilitating the for-
mation of a thorough bonding network between filler and matrix12. However, chemical crosslinking restricts 
the freedom of polymer chains and therefore considerably changes the rheological behaviour of the composite 
solution13,14, which is critical in extrusion. Nozzle blockages may arise due to the time dependant changes in the 
viscosity, which are attributed to intermolecular chemical reactions. Additionally, chemical functionalization 
limits the holding time of the solution before processing15,16. Therefore, a physical approach for treating the sur-
face of carbon tubes to achieve enhanced interactions with a polymer matrix is desired. In this work, we created 
nanogrooves on the surface of carbon tubes with a view to achieve enhanced physical entanglements with the 
polymer as well as efficient coagulation.
Results and Discussion
Effect of pre-treatment. Thermal gravimetric analysis (TGA) was used to evaluate the effect of chemi-
cal treatment on the purification of cellulosic fibres before carbonization. Figure 1a shows the TGA curves of 
untreated and chemically purified fibres. For both samples a small weight loss was observed at around 100 °C that 
is related to the evaporation of low molecular weight components and humidity from the fibres. The next main 
weight loss is related to hemicellulose and cellulose pyrolysis that is shifted from 250 °C for the raw materials to 
330 °C for the chemically purified fibres. This shift is due to the removal of hemicellulose and amorphous cellulose 
after chemical treatment.
Powder X-ray diffraction was used to show the effect of chemical treatment and ultrasonication on crystal-
linity of fibres. Raw fibres have diffraction peaks (2θ) around 16.5° and 22.5° (with the crystallinity index of 55%) 
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that typically displays the pattern of cellulose type Ι16,17 (Fig. 1b). However, chemical purification changed the 
pattern to cellulose type Π, where the split peak moved to deflection angles (2θ) of approximately 20° and 21.7° 
with the crystallinity index of 74%. No substantial change was induced by sonication. XRD pattern of cellulose 
type Π with the crystallinity index of 72% shows that the high tension sonication had little influence on crystalline 
regions of microfibers. This result was similar to those reported on purified wood cellulose suspension, where 
ultrasonication did not lead to a significant effect on crystalline structure of fibres18.
Figure 2a–c are the SEM images of raw, chemically treated, and ultrasonicated cellulose fibres. Chemical 
treatment separated the cotton fibres into microfibers. These microfibers are composed of nanofiber bundles, 
networked by hydrogen bonds19. Figure 2b shows the bundles on the surface of the purified fibres in a cohe-
sive network. High tension sonication individualized the nanoscale bundles on the surface of fibres (as can be 
observed in Fig. 2c). As a consequence of expansion and implosion of microbubbles in the dispersion acoustic 
cavitation occurs on the microfiber structure. The phenomenon creates shock waves and microjets on the surface 
of microfibers, causing the hydrogen bonding networks to loosen and nanofibres bundles to split19,20.
Effect of carbonization. Figure 3a shows the FTIR spectra of carbonized ultrasonicated fibres, prepared at 
different temperatures. All the samples displayed a broad peak between 3100 to 3500 cm−1 that is attributed to 
stretching vibrations of hydroxyl groups21. The peaks at 2925 and 2850 cm−1 display the symmetric and asymmet-
ric vibrations of methylene (-CH2-) groups in alkyl chains22 that were weakened with the increase of carboniza-
tion temperature. This can be caused by the decomposition of methylene bands of waxes at high temperatures. In 
addition, the missing peaks at 1440, 820, and 750 cm−1 at 800 and 900 °C are related to the decrease of carbonyl, 
hydroxyl, and methylene groups after carbonization. By elimination of these groups, the benzene rings get closer 
together, the fused-ring structure will be formed, which leads to the appearance of the hexagonal carbon net-
works23,24. The Raman spectra of sonicated carbonized cellulose at different temperatures, shown at Fig. 3b, was 
used to compare the crystalline structures of synthesized carbon materials at different temperatures. There are 
two dominant peaks of D and G, on the first-order spectrum of the carbonized samples. The D band, between 
1355 and 1360 cm−1, corresponds to disordered structures and the G band, between 1575 cm−1 and 1600 cm −1, 
shows the graphite crystallite structure25. The ratio of the G band (IG) to the D band (ID) intensities reveals the crys-
talline arrangement of carbonized cellulose at different temperatures. Similar analysis has been used to evaluate 
the crystalline structure of carbon materials with different heat treatment temperatures26,27. As seen in Fig. 3c, with 
the increase of carbonization temperature from 600 to 900 °C, the IG/ID increases about 33% (from 1.05 to 1.4), 
suggesting rearrangement of crystalline structure to a more ordered state28. This rearrangement could provide an 
orderly charge transfer path, resulting in a higher electrical conductivity, with a faster response time29. Similar 
results were also observed in the synthesis of carbon nanotube arrays from Ferrocene, where the G/D band inten-
sity ratio demonstrated a decline with the increase of heat treatment temperature in a certain range26. In this 
study, the sample carbonized at 900 °C was considered for further processing.
Effect of sonication. Figure 4 shows AFM images of the carbon tubes without sonication (Fig. 4a) and 
after being sonicated for different durations (Fig. 4b–e). In all these images the fibril bundles can be seen on the 
surface of carbon tubes, similar to that of cellulose fibres after chemical purification. The effect of pre-treatment 
can be clearly observed in the sequence of images. The nanofibrils appear to be disjointed from their bundles on 
the surface of carbon microtubes after sonication. For further investigation, the maximum roughness (Rmax) and 
the image surface area (ISA) were calculated at different times. Significant increase of Rmax about 71%, 155%, 
208%, and 214%, respectively after 20, 30, 40, and 60 minute sonication times were obtained, in comparison to 
that of carbonized cellulose microtubes (CCMT) (Fig. 4f). Similarly, image surface area also exhibited significant 
increase with the sonication time.
To investigate the effect of nanogrooving on the interactions of carbon tubes with polymer solutions, we pre-
pared chitosan(CH)/carbon microtubes (CCMT and nanogrooved carbonized cellulose microtubes (NGCCMT) 
with 40-minute sonication) dispersions with the composition of 50/50 (wt%/wt%).
Figure 1. (a) TGA curves of raw and chemically purified fibres (b) X-ray diffraction patterns of cellulose fibres 
at different treatment stages.
45
www.nature.com/scientificreports/
3Scientific REPORTS |  (2018) 8:9924  | DOI:10.1038/s41598-018-28313-0
Cohesion and physical micro interlocking of composite material components significantly depend on the 
surface energy parameters of matrix and filler. Here, the total surface energy (TSE) values of CCMT, NGCCMT, 
CH/CCMT, and CH/NGCCMT are shown in Fig. 5a. TSE is the sum of polar (chemical) and non-polar (physical) 
surface interactions. It was found that the nanogrooving resulted in an enhancement of the total surface energy 
of microtubes, indicating that the surface area and roughness have been increased. This is in good agreement 
with the AFM results where nanogrooving considerably increased the surface roughness parameters of carbon 
Figure 2. SEM images of (a) after lignin leaching with sodium chlorite, (b) after purification with potassium 
hydroxide, and (c) after high-tension sonication (400 W).
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tubes. Surface heterogeneity explains the high percentage of the areas with a significantly different energy com-
pared to the rest of surface and the surface energy of CCMT exhibited greater than 40% heterogeneity, whereas, 
NGCCMT showed about 25% heterogeneity, suggesting that the ultrasonication leads to a more uniform dis-
persion of energy over the entire microtube surface. Figure 5a shows the total surface energy (TSE) of chitosan/
microtube composites. It is observed that the CH/NGCCMT have higher values of TSE at every surface coverage. 
In addition to the enhanced surface area, this phenomenon can be explained by the fact that a higher amount of 
the absorbed chitosan leads to increase in surface chemical activity, resulting in an enhanced polar surface inter-
action, compared to the CH/CCMT.
Here we also analysed the effect of nanogrooving on the rheological performance of the composite solution 
which is an important factor in extrusion processing. Figure 5b shows the viscosity of solutions as a function 
of shear rate at 25 °C. The applied torques covered a range of shear rate from 0.1 to 100 S−1. As shown, the flow 
rate of both CCMT and NGCCMT dispersions show a psuedoplastic (shear-thinning) non-Newtonian behav-
iour. However, chitosan/NGCCMT represented higher viscosity values in the entire shear rate range. It can be 
explained by the fact that the rheological behaviour of dispersions is influenced by the surface topography of the 
tubes30. The NGCCMT with larger surface areas can result in stronger physical entanglements with the polymer 
chains, better dispersion within the solution, and hence bigger elastic response during the test. This is in good 
agreement with literature results; for instance Kashiwagi31 reported that single wall carbon nanotubes, with finer 
dimensions, yield nanocomposite solutions with more gel-like rheological performance compared to that made 
up of multiwall carbon nanotubes.
The dispersions were then transferred to a 3D printing syringe and spun into a 90% (v/v) cold ethanol coagu-
lation bath through a 600 μm nozzle tip. Figure 6a,b show the SEM images of the longitudinal fracture surface of 
samples. The axial peeling reveals the carbon tube surfaces. Figure 6a is an image of fibre surface of the CH/CCMT, 
Figure 4. AFM surface topographies and surface relief parameters of carbonized cellulose microtubes (CCMT) 
and nanogrooved carbonized cellulose microtubes (NGCCMT) at different sonication time periods.
Figure 5. (a) Total surface energy profiles of CCMT, NGCCMT, CH/CCMT, and CH/NGCCMT. (b) Effect of 
nanogrooving on the viscosity of chitosan solutions.
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in which there are no voids between the fibrils bundles on the tube surface. Figure 6b shows the surface of the 
nanogrooved carbon tube made composite (CH/NGCCMT), the grooves of which become channels for the pol-
ymer matrix.
The visual verification of chitosan and carbon microtubes interaction in CH/CCMT and CH/NGCCMT com-
posites can be seen in Fig. 6c,d. In both of the samples the fracture cross section of the composite displays an 
embedded network of carbon microtubes within the chitosan matrix. It can be noticed that the microtubes (blue 
circles), were surrounded by matrix and no filler pull out or debonding observed.
Figure 6. (a) SEM image of the longitudinal fracture surface of Chitosan/Carbonized cellulose microtubes 
(CH/CCMT). (b) SEM images of the longitudinal fracture surface of Chitosan/Nanogrooved carbonized 
cellulose microtubes (CH/NGCCMT). (c) SEM image of cross section of the printed CH/CCMT. (d) SEM 
image of the cross section of the printed CH/NGCCMT. (e,f) Demonstration of printed patterns using 
CH/NGCCMT. (g) Typical stress-strain curves of the printed fibres. (h) Confocal microscopy roughness 
measurements of the 3D printed fibres.
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Figure 6e,f show two complex shaped CH/NGCCMT samples printed in the form of a butterfly and a snow-
flake. Here we studied the effect of nanogrooving on the mechanical properties of the composites. For many 
applications, mechanical strength of the printed materials is essential for handling and applications. Figure 6g 
illustrates the typical tensile behaviour of wet spun composites. The fibre made from NGCCMT has a Young’s 
modulus of 4.41 GPa that is almost 15% higher than that of the fibre made from CCMT (3.84 GPa). Similarly, 
the CH/NGCCMT fibre demonstrates a better yield strength of about 13%, in comparison to that of the CH/
CCMT fibre. This difference could be due to a better shear stress transfer within CH/NGCCMT components 
as a consequence of increased van der Waals forces as well as higher physical entanglement between polymer 
matrix and the surface of nanogrooved filaments32. This increased radial-compressive stress transfer enhances 
the fracture strength under the tensile stress. Additionally, the radial-compressive stress improves with the tensile 
stress and therefore boosts the effectiveness of the load transfer. This is consistent with what has been reported in 
literature, for instance, the increase of intra-filament fracture was demonstrated using a model that predicted the 
radial-compressive stress in twisted filaments33.
However, with regard to the elongation at break of fibres, both CH/CCMT and CH/NGCCMT demonstrated 
almost similar performances. In the case of CH/NGCCMT, stronger matrix/filament interactions resulted in a 
structure with higher fracture resistance whereas CCMT might have a higher tendency for interfacial slippage of 
filaments due to smoother surface morphology, which manifests as higher elongation at break34.
The roughness measurement showed that the surface morphology of printed fibres differs based on 
pre-treatment of the filaments. The values were obtained with the aid of a confocal laser scanning microscope. 
As Fig. 6h shows, with increase of printing gas pressure from 15 to 35 KPa, the roughness of CH/CCMT fibres 
varied from 0.53 to 0.63 μm. Whereas, at this gas pressure range, the printed lines of CH/NGCCMT with the 
same composition showed a noticeable decrease, with the roughness in the range of 0.42 to 0.52 μm. This can be 
attributed to die swell reduction as a result of higher filler incorporation into polymer solution. The higher the 
physical entanglement of matrix on the surface of grooved filaments the smaller is the spherical configuration, 
after leaving the nozzle tip35,36. The importance of smooth surfaces is more pronounced in layer by layer 3D 
printed structures, where the rough fibres lead to unpredicted dimensions and properties as a consequence of 
increased interlayer defects37.
Conclusion
A nanogrooved surface carbon microtube was synthesized using acoustic cavitation. It was found that the non-
ogrooving augmented the microtube surface energy and so improved the cohesion and physical micro inter-
locking interactions with the polymer matrix. The modified tubes showed increased surface area leading to 
decreased die swelling, as well as improved coherency and homogeneity of the extrudate. Coagulation helps 
achieve self-reinforcement properties where the grooved surface of carbon filaments has a synergetic effect on the 
entanglements, because of higher interaction with the polymer matrix. Synthesized carbon tubes with modified 
surface topography help prepare composite solutions with stable rheological behaviour leading to elimination of 
time restrictions in the extrusion process. The nanogrooved surface carbon microtube allows processing of 3D 
structure assemblies and offers potential for the applications where the extrudate holding time may be prolonged.
Experimental Section
Preparation of nanogrooved carbon tubes. First, the cotton linters were washed with distilled water 
and dried. The dried fibres were soaked in dilute alkaline aqueous solution (5 wt%) and the mixture was put in 
an autoclave at 150 °C for 2 h, followed by washing with distilled water until it became neutral. To remove the 
ashes, cotton was first bleached with sodium hypochlorite (NaClO, chlorine content/cotton linter: 1.5/100 (wt/
wt)) and washed with distilled water. Then, the fibres were hydrolysed with dilute hydrochloric acid (acid/cotton 
linter: 2/100(wt/wt)), neutralized with ample distilled water, and dried. After chemical purification, the fibres 
were soaked in distilled water with a concentration of 1 wt%. Then, 125 ml of the dispersion was placed in a high 
intensity ultrasound generator (UIP1000hdT). The process was conducted at an output power of 400 W, with a 
frequency of 20 kHz, for 40 minute. To control temperature, the treatment was carried out in an ice bath. Then, the 
purified cotton fibres were carbonized in a clean room furnace (Furnace Ceramic Tube Tetlow), under nitrogen, 
with a heating rate of 10 °C/min. The temperature for carbonization was controlled at 600, 700, 800, and 900 °C, 
for one hour.
Extruding/coagulating. The extrusion solution is comprised of chitosan. Medium molecular weight chi-
tosan with a deacetylation degree of 75–85% was purchased from Sigma Aldrich (Sydney, Australia) and used 
without further purification. Chitosan was found to be selective in the noncovalent wrapping of carbon tubes and 
specially disperse them over other impurities8. The solution was prepared by dissolving of 3 g chitosan (Medium 
molecular weight chitosan with deacetylation degree of 75–85% (Sigma Aldrich)) in 100 ml acetic acid (1% v/v). 
The solution was stirred at room temperature for 6 h. Then, carbon tubes, either untreated or ultrasonicated, 
were dispersed in chitosan solution at a concentration of 50 wt%, per chitosan weight, with the aid of sonication 
in a low power ultrasonic bath. The dispersion was stored into a 5 ml syringe that was fixed on a steel micronoz-
zle (0.6 mm in diameter). The extrusion process was performed using a bioplotter 3D printer on a 3 axis stage, 
where the motion was controlled using a preprogramed patterning procedure. The printing flow was controlled 
by the air pressure. The ink was printed (with the nozzle feed rate of 5 mm/s) and then allowed to coagulate in a 
non-solvent bath. The height of liquid in the coagulation bath was 1 cm above the printing materials. Finally, the 
printed materials were dried in air.
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Characterization. To evaluate the effect of chemical purification on the weight loss behaviour of the cotton 
fibres, thermal gravimetric analysis was applied out by means of a TG analyser (Rheometric scientific TGA), with 
the heating rate of 10 °C/min.
Scanning electron microscopy (SEM) was carried out to analyse the quality and dimension of fibres using a 
Zeiss instrument (Zeiss Supra 55VP).
Atomic force microscopy (AFM) was used to evaluate the effect of ultrasonication on the surface topography 
of carbon microtubes (Bruker Multimode 8).
The surface energy of the samples were measured by an Alperton machine (surface energy analyser, middle-
sex, UK). For each test, 1.0 g of microtube or chitosan/microtube composite was packed into the a silanized glass 
column. As a test preparation, before each measurement the sample was conditioned at 30 °C and under helium 
carrier gas for 2 h.
To evaluate the viscosity behaviour, the dispersions were tested by a stress controlled rheometer. They were 
stirred for 3 h at 80 °C, cooled to room temperature and analysed in a shearing time of 15 S.
Tensile properties of the printed materials were tested according to ASTM D 3822 by an Instron machine 
(model 5567, USA).
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4. Nanogrooved carbon microtubes for wet
3D printing of conductive composite
structures
4.1. Overview 
This chapter presents wet 3D printing as a novel processing technique to fabricate conductive 
composite structures from solution based inks. The composite ink consists chitosan as a 
natural polymer and nanogrooved carbon microtubes prepared in chapter 3. 
Slow hardening in 3D printing of layer by layer solution based carbon tube composites is 
problematic because the printed layer needs to tolerate the weight of subsequent printing 
layer. Wet 3D printing as a combining technique based on 3D printing and solvent exchange, 
enables quick hardening of the printed solution based materials via coagulation. 
The effect of coagulation conditions such as the non-solvent and the concentration of NaOH 
as ionic crosslinker agent on the printed composite is investigated. The effect of processing 
parameters such as the distance between nozzle and platform on the quality of the printed 
structure is shown. 
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Abstract
Recent advances in three-dimensional (3D) printing have enabled the fabrication of interesting structures which are not
achievable using traditional fabrication approaches. The 3D printing of carbon microtube composite inks allows fabrication
of conductive structures for practical applications in soft robotics and tissue engineering. However, it is challenging to achieve
3D printed structures from solution-based composite inks, which requires an additional process to solidify the ink. Here, we
introduce a wet 3D printing technique which uses a coagulation bath to fabricate carbon microtube composite structures. We
show that through a facile nanogrooving approach which introduces cavitation and channels on carbon microtubes, enhanced
interfacial interactions with a chitosan polymer matrix are achieved. Consequently, the mechanical properties of the 3D printed
composites improve when nanogrooved carbon microtubes are used, compared to untreated microtubes. We show that by
carefully controlling the coagulation bath, extrusion pressure, printing distance and printed line distance, we can 3D print
composite lattices which are composed of well-defined and separated printed lines. The conductive composite 3D structures
with highly customised design presented in this work provide a suitable platform for applications ranging from soft robotics to
smart tissue engineering scaffolds.
© 2019 Society of Chemical Industry
Keywords: nanogrooving; carbonized cellulose; wet 3D printing; solvent exchange
INTRODUCTION
Low density, high stiffness and electrical conductivity of carbon
tubes enable the fabrication of lightweight and conductive com-
posite structures.1–3 Wet spinning has been used to fabricate
carbon tube assemblies.4,5 In this process, the carbon tubes are
typically dispersed in polymer solutions6–8 or dissolved in super
acids,9–11 extruded through a nozzle and then fibres are formed
through a coagulation step which involves solvent exchange.
While wet spinning is efficient in producing one-dimensional
fibres, it does not allow the fabrication of complex and tailored
three-dimensional (3D) assemblies. Recent advancements in 3D
printing have enabled the design and fabrication of fascinating 3D
structures with highly customized designs. 3D printing typically
uses polymeric melts which are only achievable when the feed-
stock is thermoplastic. This limitation has led to the challenge of 3D
printing of customized composite structures from solution-based
formulations.
Here, we introduce a wet 3D printing technique which enables us
to achieve conducting composite 3D structures from a polymeric
solution containing highly dispersed carbon microtubes. Wet 3D
printing can enable the development of functional implants with
predefined microstructure, size and final shape. The shear that
is applied during the extrusion of the formulation in 3D print-
ing can result in shear-induced alignment of the filler particles
and can thus lead to an enhanced strength in the longitudinal
direction.12,13
The poor surface functionality of carbon tubes has made it
challenging to use them in the development of self-supported
3D composite structures. Surface chemical functionalization of
carbon tubes has previously been used to introduce covalent
bonding with a matrix and enabled a possible method for the
fabrication of carbon tube composites.14 However, chemical
crosslinking by covalent bonding restricts the mobility of poly-
mer chains of the matrix and significantly affects its rheological
properties,15,16 thus making the composite unsuitable for extru-
sion. For instance, blockages of the extrusion path may occur due
to the time-dependant changes in the viscosity, limiting the hold-
ing time of the formulation before processing.17,18 Consequently,
a non-chemical approach for treating the surface of carbon tubes
is required to achieve enhanced interactions with a polymer
matrix. Here, we produce novel nanogrooved carbon microtubes
via versatile acoustic cavitation and subsequent carbonization
(Fig. 1). Compared to untreated microtubes, the nanogrooved
carbon microtubes manifest enhanced physical entanglement
with a chitosan (CH) matrix leading to less of a die swelling effect,
more efficient coagulation and enhanced tensile strength in 3D
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Figure 1. Schematic representation of wet 3D printing of nanogrooved carbon microtube composite formulation.
printed structures. These novel synthesized microtubes enable 3D
printing of diverse carbon-based composite assemblies, where a
stable rheological behaviour is required.
EXPERIMENTAL
Carbon microtube preparation
In the first step, cotton linters were washed with distilled water
and dried. The dried fibres were soaked in a dilute alkaline
aqueous solution (5 wt%) and the mixture was transferred to an
autoclave at 150 ∘C for 2 h, and then washed with distilled water
to remove the alkaline residue. To remove the ashes, cotton was
bleached with sodium chlorite (chlorine content/cotton linter:
1.5/100 w/w) and washed with distilled water. Then, the fibres
were hydrolysed with dilute hydrochloric acid (acid/cotton linter:
2/100 w/w), neutralized with ample distilled water and dried. After
chemical purification, the fibres were soaked in distilled water
with a concentration of 1 wt%. Then, 125 mL of the mixture was
placed in a high-intensity ultrasound generator (UIP1000hdT)
at an output power of 400 W and a frequency of 20 kHz for 40 min.
The dispersion container was placed in an ice bath to contain
the heat of the sonication process. The purified cotton fibres
were then carbonized in a clean room furnace (Furnace Ceramic
Tube Tetlow, Tetlow Kilns & Furnaces Pty Ltd, Notting Hill, Victoria,
Australia) at a controlled temperature of 900 ∘C for 1 h under nitro-
gen atmosphere; the heating rate was 10 ∘C min−1. To evaluate
the effect of nanogrooving, untreated fibres were also carbonized
under the same conditions. The untreated fibres were chemically
purified, but did not undergo ultrasonication.
Wet 3D printing
Chitosan solution was prepared by stirring 1–4 g of CH
(medium-molecular-weight CH with degree of deacetylation
of 75–85%; Sigma Aldrich) in 100 mL of acetic acid (1% v/v)
at room temperature for 6 h. The untreated carbon microtubes
(CMTs) or nanogrooved carbon microtubes (NGCMTs) were then
dispersed in CH solution at a concentration of 50 wt% (per CH
weight) with the aid of a low-power ultrasonic bath for 5 min.
The dispersion was transferred to a 5 mL syringe to which a
steel micronozzle (0.6 mm in diameter) was attached for extru-
sion. The process was performed using a bioplotter 3D printer
on a three-axis stage, where the motion was controlled using
a preprogramed patterning procedure. The printing flow was
controlled by air pressure. The composite ink formulation was
printed at a feed rate of 5 mm s−1 while the printer nozzle was
immersed in a non-solvent (as described in the text) bath to
allow the coagulation of the formulation. The height of liquid in
the coagulation bath was ca 1 cm above the printing materials.
Finally, the liquid was drained and the 3D printed structures
were dried in air.
Characterization
Scanning electron microscopy
The morphology of carbon microtubes and the 3D printed struc-
tures was studied using a scanning electron microscope (Zeiss
Supra 55VP).
Atomic force microscopy
AFM (Bruker Multimode 8) was used to evaluate the effect
of ultrasonication on the surface morphology of the carbon
microtubes.
Viscosity
To evaluate the viscosity behaviour, dispersions were investigated
using a stress-controlled rheometer. They were stirred for 3 h
Polym Int 2019; 68: 922–928 © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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at 80 ∘C, cooled to room temperature and analysed in a shearing
time of 15 s.
Mechanical properties
The mechanical properties of the dried 3D printed structures were
determined using a tensile testing instrument (Instron, model
5567, Bayswater, Victoria, Australia) according to ASTM D 3822.
RESULTS AND DISCUSSION
Nanogrooving
Figures 2(a)–(c) show SEM images of pre-treated, chemically
purified and sonicated cellulose fibres, respectively. Chemical
purification was observed to individualize the cotton microfibres
which are composed of nanofibrils, held together via hydrogen
bonding.19 It can be seen that the nanofibril bundles were present
on the surface of the microfibres in the form of an interconnected
network (Fig. 2(b)). We found that by simply treating the purified
cellulose fibres using ultrasonication, these nanoscale fibrils on
the surface of the microfibres separated from each other (Fig. 2(c)).
The cavitation created during the ultrasonication on the surface
of microfibres could be the result of expansion and implosion
of microbubbles. The implosion of microbubbles was previously
observed to generate microjets and shock waves on microfibres
and triggered loosening of the bonding networks and splitting of
the nanofibrils.19,20
Comparing the AFM images of the CMTs and NGCMTs revealed
that the nanofibrils in the nanogrooved sample split from their net-
works on the surface of CMTs (Figs 3(a) and (b)). Further investiga-
tion by calculating the maximum roughness (Rmax) and the image
surface area showed a significant increase of Rmax from ca 30.7 to ca
94.8 nm and the image surface area from 250 213 to 765 698 nm2
after nanogrooving.
Figures 3(c) and (d) show SEM images from the longitudinal frac-
ture surface of 3D printed composites. The axial peeling exposes
the surface of microtubes within the structure of the compos-
ites. The surface morphology of typical CMTs inside the CH matrix
(Fig. 3(c)) showed that no voids were present between the nanofib-
rils on the surface of the microtubes. As shown in Fig. 3(d), the
presence of nanogrooves in the NGCMT surface provided some
channels for the effective interactions with the CH matrix. The
enhanced interaction of CH with NGCMTs compared to CMTs could
be seen from the cross-sectional fracture surface of the composites
(Fig. 3(e)). The nanogrooves are clearly discernible on the surface
of the protruding tubes. The NGCMTs (shown inside circles) were
clearly surrounded by CH matrix and no filler pullout or debonding
was observed.
Composite ink formulations
We studied the rheological properties of the composite ink for-
mulations in order to evaluate their printability and to eluci-
date the effect of nanogrooving in 3D printing. Figure 4(a) shows
the effect of CH/solvent ratio on the rheological behaviour of
CH/NGCMT dispersion at 25 ∘C. The applied torques covered a
range of shear rate from 0.1 to 100 s−1. While the solution with
low concentrations of CH displayed a Newtonian behaviour, the
increase of CH/solvent ratio led to a non-Newtonian behaviour.
According to the literature21 and initial observations, the viscosity
of the ink formulation should be in the range 300–30 000 cP. When
the viscosity was lower than 300 cP, structural collapse and large
deformations would occur and resulting in solution smearing. Also,
Figure 2. SEM images of cellulose fibres: (a) pre-treated with sodium
chlorite, (b) after purification with potassium hydroxide and (c) after
ultrasonication (nanogrooving).
for a viscosity higher than this range, the nozzle would easily jam
during printing and large pressure would be required to extrude
the ink formulation through the nozzle. From the viscosity ver-
sus shear rate relationship (Fig. 4(a)), the concentration range of
CH that met the above rheological range was 2–3 wt%. After a
series of initial experiments, we identified that a CH concentration
of 3 wt% allowed the best coherency through printing and was
thus selected as the suitable concentration for 3D printing of com-
posite structures. When we compared the rheological behaviours
of CH/CMT and CH/NGCMT composite ink formulations (3 wt%
CH), we observed that CH/NGCMT demonstrated higher viscos-
ity for the entire range of shear rate (Fig. 4(b)). This enhanced
viscosity of the CH/NGCMT composite ink could be due to the
stronger interfacial interactions of NGCMTs with CH than CMTs as
a result of enhanced surface area achieved through the presence
of nanogrooves. Similar results have been reported for single-wall
carbon nanotubes, where higher surface area led to nanocompos-
ite dispersion with more gel-like viscosity.22
wileyonlinelibrary.com/journal/pi © 2019 Society of Chemical Industry Polym Int 2019; 68: 922–928
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Figure 3. AFM surface topographies of (a) CMTs and (b) NGCMTs. (c, d) SEM images of longitudinal fracture surface of the printed CH/NGCMT. (e) SEM
image from the cross-section of printed CH/NGCMT.
Figure 4(c) shows the mechanical properties of the wet 3D
printed composite. The CH/NGCMT 3D printed composite
displayed a Young’s modulus of ca 4.41 GPa and tensile strength
of ca 122 MPa which were significantly higher than the Young’s
modulus (3.84 GPa) and tensile strength (108 MPa) of the CH/CMT
composite while showing similar breaking strain. These enhanced
mechanical properties of the CH/NGCMT composite could be
attributed to the stronger van der Waals bonding and interfa-
cial interactions between the CH matrix and NGCMTs23 which
increases the efficiency of load transfer within the composite
components. This is in agreement with previous work which
predicted the radial-compressive stress behaviour of fibres with
twisted filaments through numerical modelling.24 The stronger
matrix/filler interfacial interactions in CH/NGCMT gave rise to a
higher stiffness and fracture strength; whereas, in CH/CMT, the
smoother surface morphology of the CMTs promoted interfacial
slippage resulting in a lower stiffness and strength.25
Surface topography analysis indicated different roughness
for the 3D printed composites. The values were determined by
means of confocal laser scanning microscopy (Leica Microsys-
tems). The roughness of the CH/CMT composite changed from
0.53 to 0.63 μm with increasing nitrogen gas pressure during
printing from 15 to 35 kPa (Fig. 4(d)); within the same printing
gas pressure range, the CH/NGCMT composite showed lower
roughness of 0.42 to 0.52 μm. This may be attributed to die
swell (the spherical conformation formed at the tip of the nozzle
upon extrusion) reduction as a consequence of enhanced filler
interaction of the CH matrix with NGCMTs.26,27 The significance
of smooth surface morphology was more pronounced in multi-
layer 3D structures, where the rough printed composite resulted
in unpredicted dimensions and properties as a result of extra
interlayer defects.28
The resistance of the dried 3D printed composites was measured
under controlled conditions (25 ∘C and 40% relative humidity).
Polym Int 2019; 68: 922–928 © 2019 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Figure 4. (a) Effect of CH concentration on the rheological property of CH/NGCMT solution. (b) Effect of nanogrooving on the viscosity of composite ink
formulations. (c) Typical stress–strain curves and (d) roughness of wet 3D printed fibres.
At an equal filler content (50 wt%), the NGCMT-based printed
mixture was almost 1.3 times more conductive compared to the
CMT-based sample. Resistances of CH/CMT and CH/NGCMT were,
respectively, 118 and 83Ω. For being conductive, the fillers need
to create a current pathway network within the non-conductive
polymer, which is called the percolation threshold. These pathways
consist of overlapping points between the fillers. The increase in
the number of filler contact points positively influences the con-
duction performance of the composite. At an equal filler content,
the NGCCTs with higher surface area and therefore more contact
points would result in reduced resistance.
Coagulation bath
3D printing from a solution-based formulation requires an
appropriate solidification approach. Coagulation using sol-
vent exchange is a versatile technique which has been widely
used to solidify various solution-based formulations for fibre wet
spinning.4,5,29 In this technique, a bath (typically called a coagula-
tion bath) which contains a non-solvent or chemical reagents (e.g.
crosslinking agents) is used for solidifying the formulation. This
approach can be used in conjunction with 3D printing to allow
rapid solidification of the ink after extrusion through the printer
head. The use of non-solvent as opposed to chemical crosslinking
has the advantage of preserving the inherent properties of the
extrudate during the process. It is particularly important for 3D
printing of structures with several layers that the printing ink
solidifies quickly so that it can bear the subsequent layer with
minimum deformation. We used four organic solvents, namely
acetone, methanol, ethanol and butanol, as the non-solvent in
the coagulation bath to evaluate their effect on the solidification
process of CH/NGCMT composite inks. While all of these solvents
were effective in coagulating the inks, we observed that acetone
Figure 5. Effect of crosslinking concentration on the surface morphology
of printed lines.
and butanol led to brittle and weak structures after air drying,
which were very difficult to handle for further characterization and
processing. The use of methanol and ethanol as the non-solvent
in the coagulation bath resulted in 3D printed structures with
appropriate physical properties, where the most desirable flexi-
bility was observed when 80–90% (v/v) ethanol was used as the
coagulation solvent.
We also used sodium hydroxide (NaOH), as an ionic crosslink-
ing agent, at various concentrations (1–4% w/v) in the coagulation
bath. We found that the use of NaOH accelerated the coagulation
process. Favourable results in terms of morphology were obtained
with concentrations of 1–2% (w/v) NaOH. As Fig. 5 shows, when
the concentration of NaOH increased to 4 wt%, the printed ink
displayed a non-uniform surface morphology with varying thick-
nesses along the structure (Fig. 5). This could be due to rapid solid-
ification of the ink which generated skins around the extrudate
immediately after injection of the ink and made it difficult for the
solvent trapped inside to leave the structure. Similar results were
also observed in fibre spinning where more flexible spun fibres
were obtained using an ionic crosslinker in the coagulation bath.6
Wet 3D printing
In this work, we combined 3D printing and coagulation in one pro-
cess which we refer to as wet 3D printing. We used this technique
wileyonlinelibrary.com/journal/pi © 2019 Society of Chemical Industry Polym Int 2019; 68: 922–928
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Figure 6. (a, b) Effect of nozzle-to-platform distance on orthogonal angles
of a 3D printed crankshaft shape. (c) Effect of line distances on shrinkage
rate of 3D printed lattices.
to fabricate 3D printed structures from the CH/NGCMT compos-
ite ink formulations. In this process the composite ink is directly
extruded through a printer nozzle to a coagulation bath where it
solidifies and forms printed structures. The wet 3D printing tech-
nique allowed the fabrication of intricate 3D structures (Fig. 6),
which is not possible using other extrusion-based techniques such
as wet spinning.
In order to achieve suitable 3D printed structures, we investi-
gated the effects of extrusion air pressure (P) and printing dis-
tance, i.e. the distance from the nozzle tip to the build platform
(H). P is directly related to the ink viscosity and can determine the
extrusion output. When we used a CH/NGCMT formulation at a
concentration of 3 wt%, the ink could not be extruded through
the nozzle when P was less than 5 kPa. Rapid extrusion like jet-
ting was observed at pressures higher than 40 kPa, making the
process difficult to control. When we varied H in the 3D print-
ing of a crankshaft shape, we observed that while printed shapes
with sharp angles could be obtained at H = 0.2 mm (Figs 6(a)
and (b)), only curved corners could be achieved at H = 0.6 mm.
This could be due to the occurrence of gel response lag to the
change of printing direction, which increased with H as a result of
higher disturbance effect of liquid printing environment at higher
nozzle-to-platform distances (see Movies 1 and 2 for 3D printing of
the crankshaft shape at H = 0.6 and 0.2 mm).
In 3D printing of lattice-shaped structures, it is also crucial to con-
trol the distance between the printed lines. We investigated the
effect of the printed line distance (DL) in lattice-shaped rectangles
(65 mm× 65 mm) by varying DL from 0.3 to 0.8 mm. The shrinkage
rate (Sr) of the rectangles was calculated based on the dimensions





where Aj and Ad are the area of freshly printed and dried rectan-
gle, respectively. As shown in Fig. 6(c), a typical lattice structure
was observed at DL of 0.3 and 0.4 mm as the adjacent lines
merged together after printing, while well-defined lattices could
be obtained at DL of 0.7 and 0.8 mm. Also, the measurements of
Sr showed that it linearly increased with DL (Fig. 6(c)). This could
be explained by the fact that both CH and microtube networks
bear longitudinal tensions during coagulation and drying which
result in horizontal contractions of the lines. Shorter DL translates
to higher density of the printed structure which basically shows
smaller shrinkage rate of the final rectangle after drying (see Movie
3 for 3D printing of a 65 mm× 65 mm lattice with DL = 0.7 mm).
CONCLUSIONS
We introduced a wet 3D printing technique which allowed
the fabrication of carbon microtube composite structures. Acous-
tic cavitation was used to create a nanogrooved topography
on the surface of the carbon microtubes leading to enhanced
roughness and improved interfacial interactions with a polymer
matrix. It was found that nanogrooving reduced the die swell
and enhanced the stiffness and tensile strength of 3D printed
composite structures. In the absence of any chemical binding
agent, the NGCMTs assisted the preparation of inks with stable
rheological behaviour, thereby eliminating the extrudate holding
time restriction in the 3D printing process. This allows highly
tailored 3D structure design and is potentially useful for vari-
ous technological applications such as development of highly
customized soft robotic devices and smart tissue engineering
scaffolds.
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5. Wet-3D printing of epoxy crosslinked
chitosan/carbon microtube composite
5.1. Overview 
This chapter presents a fabricated composite structure with improved stretchability, processed 
via the wet 3D printing method described in the chapter 4. Low stretchability of chitosan 
based composites has limited their applications in areas such as wearable devices and wound 
dressing. Therefore, the preparation of a composite solution extrudate that results in a 
stretchable conductive structure with high reversibility is required. This chapter displays a 
method to prepare composite ink with same matrix/filler composition and higher 
stretchability. An acidic mixture is used to prepare this ink solution, in which more 
percentage of chitosan can be dissolved. The fabricated composite represents superior 
stretchability and reversibility, even before the use of epoxy crosslinker. This hyper-elastic 
perfpormane is due to the plasticizing effect of lactic acid as well as higher percentage of 
dissolved chitosan, compare to the method used in chapter 3 and 4. So, this synthesized 
chitosan based solution can be used as a high stretchable conductive structure without the use 
of any chemical modification, where unlimited solution holding time is required like the 
materials in chapters 3 and 4. An epoxy crosslinker polypropylene glycol diglycidyl ether 
(PPGDGE) was used to further increase of strength. ATR-FTIR shows the effect of 
crosslinking on the chemical bonding structure of the composite. In addition, tensile analyse 
shows that epoxy crosslinking improves mechanical strength of the composite. Also, it can be 
noticed that the strain rate influences the tensile strength and elongation at break of the 
samples. It is related to the fact that the chain mobility of the polymer matrix decreases with 
the increase of strain rate. In polymers increasing the strain rate increases the tensile strength, 
elastic modulus, and reduces the elongation at break, similar to that encountered in reducing 
the temperature.
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Over the last decays, the use of conductive biopolymer composites has been grow-
ing in areas such as biosensors, soft robotics, and wound dressing applications.
They are generally soft hydrophilic materials with good elastic recovery and com-
patible with biological environments. However, their application and removal from
the host are still challenging mainly due to poor mechanical strength. This work dis-
plays a technique for the fabrication of complex‐shaped conductive structures with
improved mechanical strength by wet three‐dimensional (3‐D) printing, which uses
a coagulation bath to quickly solidify an epoxy cross‐linked chitosan/carbon
microtube composite ink. The fabricated conductive structure demonstrated higher
elongation strength and improved elastic stability upon the introducing of polypro-
pylene glycol diglycidyl ether (PPGDGE) as the epoxy cross‐linker, which can be
due to the formation of networks between oxiran groups of PPGDGE and chitosan
amino groups.
KEYWORDS
3‐D printing, carbon microtubes, chitosan, epoxy cross‐linking
1 | INTRODUCTION
Conductive polymer composites for wound dressing,1,2 implantable
devices,3,4 soft robotic,5,6 and smart tissue engineering scaffolds7,8
all establish contact with surfaces of various human organs during
use. Incorporation of a conductive filler into a flexible polymer matrix
is one of the major methods of fabrication of flexible conductors. In
these structures, one‐dimensional substrates like carbon fibers are
typically used as the conductive fillers due to higher aspect ratios.8,9
In addition, high stiffness and low density of carbon tubes10,11 make
them appropriate for the fabrication of lightweight and conductive
composite assemblies.
In this context, three‐dimensional (3‐D) printing enables the pro-
duction of functional structures with customized designs. Here, we
demonstrate a wet 3‐D printing method that allows us fabricate
conducting composite 3‐D assemblies from a polymeric dispersion
comprising carbon microtubes. Wet 3‐D printing enables the
improvement of functional structures with predefined size and
shape. Chitosan, which is readily solution processable, is desirable
to achieve patternable composite inks. However, low elasticity and
poor mechanical stability have led to limited practical applications
of chitosan‐based composites.
This work attempts to reinforce the mechanical strength of a wet
3‐D printed lattice structure based on chitosan/carbon microtube
composite using epoxy cross‐linking (Figure 1), which increases
mechanical strength by intermolecular covalent bonding.
2 | EXPERIMENTAL
2.1 | Materials
Medium molecular weight chitosan, with the deacetylation degree of
75% to 85% and polypropylene glycol diglycidyl ether (PPGDGE)
(Mw = 500) as the epoxy cross‐linker, was obtained from Sigma‐
Aldrich (Sydney, Australia) and applied without further purification.
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DOI: 10.1002/pat.4605
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2.2 | Carbon microtubes
First, the cotton linter fibers were treated with 5 wt% NaOH aque-
ous solution and then placed in 150°C (autoclave) for 2 hours. The
stock then was bleached using sodium hypochlorite (chlorine/fibers:
1.5 wt%), to remove the residue ashes and lignins. The bleached
stock was treated by a dilute hydrochloric acid solution (acid/fibers:
2 wt%). Then the chemical treated cotton linters were carbonized
using a ceramic furnace, at 10°C/min heating rate, in nitrogen atmo-
sphere. The temperature was fixed at 900°C, for 1 hour. Figure S1
shows the scanning electron microscopy (SEM) images of the puri-
fied cotton linter fibers, before and after carbonizing.
2.3 | Ink preparation
First, a mixed acidic solvent (acetic acid [43 v/v%], lactic acid [10 v/
v%], and citric acid [3 v/v%]) and 44 v/v% deionized water were
prepared and heated to 60°C. Then PPGDGE (1 v/v%), as the epoxy
(EP) cross‐linker, was added into the solution and mixed for
10 minutes. The polymer composite solution was prepared by dis-
solving medium molecular weight chitosan (Mw = 310 000‐
375 000 Da) and carbon microtube (TMCC) compound (chitosan:
carbon microtubes [CH: TMCC] 70:30) in the as‐prepared solution.
The solid content in the ink is 8 wt/v%. The mixture rested at room
temperature for 24 hours and then centrifuged at 7000 rpm for
30 minutes, to remove the bubbles. Finally, the ink was sealed and
stored until printing.
2.4 | Wet 3‐D printing
Printing was done using a 3‐D printer (bioplotter) through a
0.25 mm micronozzle tip, where the ink flow was controlled by air
pressure. A patterned lattice with dimensions of 2.4 × 2.4 cm, pore
diameter of 1.2 × 1.2 mm, and the thickness of 0.5 mm was printed
in an ethanol bath (90 v/v%), for coagulation. A flat film with the
same material composition was printed without pore space. Then,
the bath was drained to dry the printed materials in air. Now, the
composite structures were neutralized by means of diluted NaOH
(1 M), for 2 hours, and rinsed in deionized water to eliminate the
acids.
2.5 | Analyses
The functional groups of composite samples were tested using atten-
uated total reflectance–Fourier transform infrared spectroscopy (ATR‐
FTIR) (Bruker Vertex 70 FTIR), in the wave range number of 600 to
3600 cm−1.
The rheological behavior of uncross‐linked and cross‐linked solu-
tions were tested using a stress controlled rheometer (TA Instru-
ments, HR‐3). The composite samples were stirred for 80°C for
3 hours, cooled down to 25°C, and analyzed in the shearing rate
range from 1 to 100 S−1.
Differential scanning calorimetry (DSC) was done on the uncross‐
linked and cross‐linked composites. The samples were vacuum
dried at 50°C for a day, and the tests was done by a TA instruments
FIGURE 1 Schematic representation of wet three‐dimensional (3‐D)
printing and the epoxy cross‐linked chitosan polymer network [Colour
figure can be viewed at wileyonlinelibrary.com]
FIGURE 2 Attenuated total reflectance–Fourier transform infrared
spectroscopy (ATR‐FTIR) spectrum of uncross‐linked and cross‐
linked composite samples [Colour figure can be viewed at
wileyonlinelibrary.com]
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(DSC Q200), with a heating rate of 10°C/min in the range of
10°C to 350°C.
The tensile mechanical strength properties of the composite
samples (single filament with the thickness of 500 μm) were analyzed
using an Instron machine (5567, USA), according to ASTM
D3822/D3822M, with load cell of 5 N and gage length of 10 mm.
For each sample, three replicates were carried out, and the average
value was reported.
FIGURE 3 Rheological behavior of uncross‐linked and epoxy‐cross‐
linked composite inks [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 4 Differential scanning calorimetry (DSC) curves of the first
heating scans for the uncross‐linked and the cross‐linked composite
samples [Colour figure can be viewed at wileyonlinelibrary.com]
FIGURE 5 Cross‐section scanning electron microscopy (SEM) images of uncross‐linked and cross‐linked composite samples [Colour figure can
be viewed at wileyonlinelibrary.com]
FIGURE 6 Light‐emitting diode (LED) lamp setup [Colour figure can
be viewed at wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION
ATR‐FTIR was used to show the consequence of epoxy cross‐linking
on the composite samples (Figure 2). The absorbance bands around
750, 850, and 915 cm−1 are related to PPGDGE oxirane groups.12 In
the case of CH/EP/TMCC, absorption peaks appeared at 754 and
914 cm−1 that is due to the existence of unreacted cross‐linker groups.
The peaks between 1300 and 1400 cm−1 and around 1600 cm−1 are
related to amide groups and N─H bending, respectively.13 As
observed, their intensity show a decrease after the epoxy cross‐
linking. Also, the absorption bond around 2900 cm−1 in the cross‐
linked composite can be related to the stretching vibrations of
PPGDGE methylene bonds.14
The composite inks prepared by dissolving chitosan in a mixture
of acidic solvent, carbon microtubes, and the epoxy cross‐linker
(PPGDGE). The mixed acidic solution (acetic, lactic, and citric acid)
protonates the chitosan amino groups (NH2) thus promoting a chain
expansion to a semirigid rod conformation, as a consequence of
ionic repulsion between NH3
+ groups.15,16 The composite ink was
loaded in syringe and printed through a micronozzle under a given
pressure thus subjected to an extensive shear flow. In order to eval-
uate the printability and explain the effect of epoxy agents on the
printing parameters, rheological properties of the composite inks
were studied. Figure 3 shows the viscosity vs shear rate of
CH/TMCC and CH/EP/TMCC dispersions at 25°C. According to
literature17 and based on our observations, a desired viscosity of
the ink solution for 3‐D printing is in the range of 300 to
300 000 CPs. Lower than 300 CPs, large shape deformations and
physical collapse would occur, causing the smearing of ink solution.
Higher than 30 000 CPs, the nozzle might block and high air pres-
sure would be necessary to drive the ink through the nozzle tip. It
was found that the CH/TMCC ink exhibited a non‐Newtonian shear
thinning performance, while PPDGE cross‐linking results in a
shear‐thickening rheological performance representing more solid‐like
performance at the entire range of shear rate, due to chemical
cross‐linking. From viscosity vs shear rate relationship, both the
uncross‐linked and cross‐linked samples met the above viscosity range.
Wet 3‐D printing, a practical technique combining 3‐D printing and
coagulation (solvent exchange), was conducted to make assemblies
from CH/TMCC and CH/EP/TMCC composite inks. Solvent exchange
is an operational method to process carbon tubes that are dispersed in
polymer solutions. In wet 3‐D printing, the ink is extruded from the
nozzle tip and precipitate into a nonsolvent. This direct printing into
a liquid can lead to a larger drag force on the processing composite
FIGURE 7 Resistance values vs strain of the uncross‐linked and
cross‐linked samples [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 8 (A) Typical stress‐strain curves of
uncross‐linked and cross‐linked composite
samples. Guasi‐static curves of (B) uncross‐
linked sample at different cross‐head speeds,
and (C) cross‐linked samples at different
cross‐head speeds [Colour figure can be
viewed at wileyonlinelibrary.com]
4 NASRI‐NASRABADI ET AL.
69
ink and therefore the speed at which the appropriate structure forms
is lower, in comparison with dry printing. However, wet 3‐D printing
enables complex designs and preserves structural details, especially
in the corners where the printing speed has to be reduced. Solvent
exchange (coagulation) can be a rapid hardening method, allowing
the processing ink to rapidly solidify after exiting from the nozzle tip.
This is beneficial in printing multilayer assemblies where the printing
lines need to be solidified rapidly and bear the next layer with mini-
mum deformation.
DSC analyses (Figure 4) were performed to evaluate the behavior
of CH/TMCC and CH/EP/TMCC composite samples under the appli-
cation of thermal energy. The endotherm peak is the glass transition
point.18 As shown, the uncross‐linked and cross‐linked composites
revealed different Tg points. CH/TMCC represented the endotherm
at 97.29°C and the cross‐linked composite (CH/EP/TMCC) displayed
a higher Tg values, which is 127.94°C. This enhancement is the
consequence of epoxy cross‐linking, leading to enhanced stability of
the composite structure. The exothermic peak is related to the
decomposition of the composite structure. It is observed that the
decomposition peak of the sample shifted to lower temperatures
caused by the reaction with PPGDGE. Regarding CH/TMCC, this peak
is 314.61°C, while for the cross‐linked sample, shifts to 276.18°C, that
can be because the thermosetting nature of PPGDGE.12
Figure 5 visually shows SEM images from the fracture surface of
the carbonized microfibers embedded in chitosan matrix. The SEM
images illustrated that no microtube has debonded or pulled out
from the chitosan matrix for both uncross‐linked and cross‐linked
composites.
Figure 6 shows the electrical conductivity of the cross‐linked
composite using a LED lamp setup. The resistance of composites
was analyzed by a multimeter at the probe distance of 2 cm, and no
significant change was observed after the epoxy cross‐linking
(R (CH/TMCC) = 182 Ω and R (CH/EP/TMCC) = 187 Ω).
Figure 7 shows the resistance variation behavior of the uncross‐
linked and cross‐linked composites at different strain values. It was
found that in both samples the resistance of the composite structures
shows an increase with the increase of the strain values. It is the con-
sequence of local disconnections as well as the decrease of the over-
lapping areas within the carbon microtubes network.
Figure 8A shows the typical stress‐strain curves of CH/TMCC and
CH/EP/TMCC samples. As observed epoxy cross‐linking increased the
strength of composite. The CH/TMCC revealed a tensile strength of
4.52 MPa, and it improved to 6.35 MP for CH/EP/TMCC. Addition-
ally, the elongation at break of the cross‐linked sample displayed an
increase of 21% (from 264% to 318%). This improvement is because
the development of covalent bonding networks within the composite
structure. To further analyze the effect of cross‐linking on elastic per-
formance of the composite structures, here, we investigated the
Guasi‐static behavior of uncross‐linked and cross‐linked samples. It
was found that in a constant gage, the uncross‐linked composite sam-
ple showed significant decline of elongation at failure from 264% to
199% (↓ 25%) and 175% (↓ 34%), with the increase of the cross‐head
speed from 5 to 10 mm/S and 15 mm/S, respectively Figure 8B.
However, as can be seen in Figure 8C, the elongation at failure value
for the epoxy‐cross‐linked composite sample showed a smaller change
from 318% to 287% (↓ 10%) and 247 (↓ 22). This improvement in both
tensile strength and strain improved can be as a result of the forma-
tion of strong intermolecular bonding networks between oxiran
groups of PPGDGE and chitosan amino groups.19-21
4 | CONCLUSION
A conductive 3‐D printed lattice structure was developed on the basis
of chitosan and carbon microtubes. Carbon microtubes with uniform
dimensions and high aspect ratio were achieved through the carboni-
zation of chemically treated cotton fibers. The resulting composite ink
exhibited both higher tensile strength and tensile strain as a conse-
quence of epoxy cross‐linking. This improvement in tensile properties
is attributed to the covalent cross‐linked network formation between
chitosan and PPGDGE functional groups. In addition, the fabricated
composite revealed low current resistance in response to a low volt-
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6. Cyclic cryogelation: A novel approach to
control the distribution of carbonized
cellulose fibres within polymer hydrogels
6.1. Overview 
This chapter presents a developed method to improve the uniformity of carbon 
based composite structures, fabricated and discussed in chapters 3, 4, and 5. 
Heterogeneous distribution of filler within the polymer matrix is a common 
challenging issue in fabrication of conductive carbon based composite 
structures. Carbon fillers agglomerate together, which negatively affects the 
electrical conductivity performance and mechanical properties of the composite. 
In this chapter, we describe a developed cyclic freeze thawing technique that 
enables the fabrication of conductive composites with high homogeneity of 
filler distribution. This novel cryogelation method allows an orderly control of 
hydrogen bonding networks formation, leading to the limitation of polymer 
matrix chain mobility and consequently the restriction of local agglomerations. 
ATR-FTIR is used to show the effect of cyclic cryogelation on chemical 
bonding structure of the composite. The effect of cyclic freeze-thawing on the 
mechanical strength of composite is investigated. It is demonstrated that the 
tensile strength of the composite increases after the cyclic cryogelation 
73 
treatment, which is because of more uniform distribution of carbon tubes across 
the matrix. 
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Abstract The fabrication of conductive composite
hydrogels is still challenging mainly because of the
heterogeneous distribution of conductivity across the
structure. Carbon substrates are mostly used to induce
conductivity in the polymer hydrogels. The first step
towards an effective induction of conductivity is to
reach a uniform dispersion of carbon within the
hosting matrix. This paper describes a new cyclic
cryogelation method for the fabrication of conductive
hydrogels using chitosan as the polymer matrix and
conductive cellulose based fibres as the filler. This is
achieved by the cyclic thermal treatment of gela-
tinized chitosan solution, and orderly control of the
hydrogen bonding network formation before the
solvent evaporation. These networks regularly limit
the chain mobility of polymer across the hydrogel and
restrict the agglomeration of fibres within the matrix.
As a result, a significant improvement in the homo-
geneity of conductivity across the treated hydrogel
was achieved, shown by thermal camera mapping. In
addition, the thermally treated chitosan/20 wt% fibres
demonstrated a tensile strength improvement of about
50% compared to that of the untreated composite. The
proposed method offers a good control of fibre
dispersion within the polymer matrix, and can serve
as a practical design concept for 3D conductive
hydrogels in biotechnological applications.
Keywords Carbonized cellulose fibres  Cyclic
cryogelation  Conductive hydrogels  Uniform
dispersion
Introduction
Conductive 3D polymer hydrogels have been used in
areas as diverse as bioactive electrode coating
(Aregueta-Robles et al. 2014; Green et al. 2010), drug
delivery (Lira et al. 2007; Tsai et al. 2011), and soft
actuators (Fengel et al. 2017; Kaneto 2016; Zolfaghar-
ian et al. 2016). Merging the mechanical and physical
characteristics of the polymer matrix with the electri-
cal conductivity of the conductive component creates
potential applications for the next generation of
hydrogels. Generally, conductive 3D hydrogels are
prepared through integrating conductive polymers
(Abu-Thabit and Umar 2014; Rivers et al. 2002; Yang
et al. 2016) or introducing conductive additives (Chen
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et al. 2014;Wu et al. 2017) to the hydrogel matrix. Due
to their manufacturing costs, toxicity, poor process-
ability, and insolubility, conductive polymers have
limited practical applications. Therefore, conductive
3D hydrogels are normally prepared via addition of a
conductive component to the polymer solvent under
high-speed agitation, before gelatinization. The
hydrophobicity and the high surface area make the
individual conductive particles or fibres vulnerable to
aggregation due to attractive Van der Waals forces,
which makes their dispersion challenging in aqueous
solutions. Stress concentrates on particles or
fibres/matrix interface, and hence an uneven filler
distribution causes the hydrogel to deform at lower
stresses (Philippova and Korchagina 2012). Non-
uniform conductivity distribution is another weakness
of these structures. The use of surfactants is generally
considered a conventional method to reach dispersion
uniformity (Blanch et al. 2010; Liu et al. 1999).
Chemical surfactants decrease the surface tension of
the hydrophobic substrate and modify its wettability.
However, they adversely affect conduction efficiency
as well as change the reinforcement properties of the
additives (Fujii et al. 2009). Biocompatibility is
another challenge that may restrict the use of these
chemicals. Another way to prepare a homogeneous
suspension of hydrophobic fibres in a polar solvent is
the use of strong ultrasonication. However, the strong
sound waves can break the molecule chains and they
significantly reduce both conductivity and mechanical
reinforcement efficiency of the carbon substrates
(Bhattacharya 2016; Feng et al. 2014). So, the lack
of a practical strategy to fabricate 3D conductive
hydrogels with uniform particle distribution has led to
the current investigation in which a cyclic cryogela-
tion treatment was developed to obtain a uniform
composite structure. We hypothesize that cyclic
cryogelation will create an orderly network of inter-
molecular bonds, limiting displacement of fibres
within the matrix, and therefore decreasing local
agglomeration of fibres. The fabricated 3D hydrogel
comprises chitosan, an abundant natural polymer as
the matrix, and carbonized cellulose fibres as the
electron conductive part. Cellulose is one of the
natural polysaccharides, and it has been shown that the
release of non-carbon atoms during carbonization can
result in electroactive carbonaceous fibres (Li et al.
2014; Zolin 2017). Beside conductivity, carbonized
cellulose fibres exhibit high binder efficiency with
biopolymers that leads to reinforcement of mechanical
strength of the matrix (Cao et al. 2016; Nasri-
Nasrabadi et al. 2014a). The uniqueness of the
achieved 3D hydrogel lies on homogenised electrical




Medium molecular weight chitosan was purchased
from Sigma Aldrich (Montana, USA) and used
without further purification. The degree of substitution
was determined 0.82, using 13C NMR as described in
supplementary materials (Figure S1). The viscosity-
average molecular weight of chitosan was calculated
as 280 kDa, according to the intrinsic viscosity
method, as shown in the composite characterization
section. All other chemicals were used as received
unless otherwise stated.
Purification and carbonization of cotton linters
The cotton linters were washed with distilled water
and dried. The dried fibres were soaked in a dilute
alkaline aqueous solution (5 wt%), autoclaved at
150 C for 2 h, followed by washing with distilled
water until neutralized. To remove the ash, cotton was
first bleached with sodium hypochlorite (NaClO,
chlorine content/cotton linter: 1.5/100 (wt/wt)) and
washed with distilled water. Then, the fibres were
hydrolysed with dilute hydrochloric acid (acid/cotton
linter: 2/100(wt/wt)) at 80 ± 5 C for 2 h, neutralized
with an ample amount of distilled water, and dried.
The purified cotton linter fibres were subjected to
carbonization in an atmospheric clean room furnace
(Furnace Ceramic Tube Tetlow), with a heating rate of
10 C/min, under nitrogen. Heating temperature of
carbonization was controlled at 600, 700, 800, and
900 C, for 1 h, resulting in respectively 65, 72, 82,
and 83% weight loss.
Composite preparation
The fabrication of chitosan/carbonized cellulose was
based on film casting and solvent evaporation.
Chitosan solution was prepared by dissolving of 2 g
550 Cellulose (2018) 25:549–558
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chitosan in 100 ml acetic acid (1% v/v). The mixture
was stirred at room temperature for 6 h to reach a
homogenised solution. A dilute dispersion of car-
bonized cellulose fibres with different weight ratios
(chitosan/fibres: 90/10, 80/20, and 70/30) was mixed
at 2000 rpm, for 1 h, to obtain a homogenised
suspension of fibres. Aqueous solutions of polymer
and fibres were mixed at ratios of 50/50 and stirred for
5 h. Then, 75 ml of mixture was cast in 10 cm
diameter petri dishes. After casting, cyclic freeze
thawing were conducted on the composites as shown
in Fig. 1.
Finally, the composite was dried at 8 C in a
turbulent fan oven, for 2 days. To evaluate the effect
of cyclic process, an untreated hydrogel composite
with the same carbonised cellulose fibre/chitosan
composition was fabricated without any thermal
treatment and subjected to same analyses. The SEM
images of composites (Fig S2) showed that in contrast
to the hydrogel with 20 wt% carbonized cellulose
fibres, there were plenty of fibres that had pulled out or
de-bonded from the matrix in the sample with 30 wt%
fibres. Therefore, in this study, samples with 10 and
20 wt% of carbonized cellulose fibres were considered
for further investigations. Table 1 shows the sample
coding for the fabricated composites at different fibre
contents.
Fibres characterization
The carbonized cellulose fibres were analysed by
FTIR (Bruker Vertex 70 FTIR) using a KBr pellet to
display the surface functional groups. The samples
were scanned 32 times in the wavenumber range
400–4000 cm-1. Nitrogen atmosphere was applied to
remove CO2 and water.
Raman scattering tests were carried out on fibres at
room temperature using a Horiba Jobin machine
(Labspec HR800), at the 473 nm line of argon ion
laser as the incident radiation. The Raman spectrom-
eter was operated in the continuous scanning mode
with exposure times of 25 s and laser beam power of
4 mW.
The morphology of micro-fibrilated cellulose
fibres, before and after carbonizing, was analysed by
Scanning Electron Microscopy (SEM, ZEISS
1450EP) to investigate the effect of carbonizing on
morphology and dimension of fibres. To prepare the
samples, the water of the fibres suspension was
replaced by t-butyl alcohol followed by freeze-drying.
Composite characterization
Viscosity-average molecular weight (Mw) of chitosan
was determined by means of a Capillary Viscometer
(Ubbelohde 531/10 I), using the following equation:
g½  ¼ KMa ð1Þ
where, g is the average intrinsic viscosity, M is
molecular weight, K = 9.66 9 10-5 dm3/g, and
a = 0.742, measured in 0.2 M acetic acid and
0.15 M ammonium acetate solution at room
temperature.
Thermal mapping of the heat generated by IR
absorption was conducted on chitosan/fibres compos-
ites by a JADE-MWAdvanced Thermography Station
(CEDIP Infrared Systems, France) in conjunction with
Altaı̈r Software. The system operated in the medium
wavelength of IR 3–5 lm, with a thermal resolution as
low as 20 mK.
Tensile properties of composite hydrogels were
tested by ASTM D 638 type V (Instron 5567, USA),
with cross-head speed of 5 mm/min and load cell of 10
kN. Five replicates were done to give an average value
of the data. Tensile hysteresis testing was conducted at
a deformation rate of 5 mm/min via a loading–
unloading cycle. The specimens deformed until
reaching 1% strain and then were unloaded to the
initial size (0% strain) in 5 min. Tensile hysteresis was
calculated through the following equation:
UHist ¼
Z
r de loadingð Þ 
Z
r de unloadingð Þ
ð2Þ
Fig. 1 Cyclic cryogelation (times and temperatures) of hydro-
gel composites
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where e and r are the strain and stress, respectively.
Results and discussion
Fibres
The FTIR spectra of carbonized cellulose fibres with
different carbonization temperatures are shown in
Fig. 2. All the specimens reveal a broad peak between
3100 and 3500 cm-1, which is related to the stretching
vibration of hydroxyl groups (Zhou et al. 2016). The
peaks at 2925 and 2850 cm-1 are respectively related
to the symmetric and asymmetric vibration of
methylene bands, which were weakened, caused by
the decomposition of methylene bands at high tem-
peratures (Totolin et al. 2008). Moreover, the absence
of characteristic peaks at 1440, 820, and 750 cm-1 at
elevated temperatures is attributed to the decrease of
hydroxyl, methylene, and carbonyl groups after car-
bonization. Due to the loss of these groups, the
benzene rings will get closer together, resulting in the
fused-ring structure benzene, and the six-member
carbon ring networks appear (Edie 1998; Kang et al.
2012).
Raman spectroscopy was conducted for further
characterization of carbonized fibres. Figure 3 illus-
trates Raman spectra of carbonized cellulose at
different temperatures. There are two dominant peaks
(D and G) at the first-order spectrum of fibres. The G
band is between 1575 and 1600 cm -1 indicating the
graphite crystalline structure, and the D band is
between 1355 and 1360 cm-1, indicating a disordered
Table 1 Samples coding
for the fabricated
composites
Sample code Chitosan (%) Carbonized cellulose fibres (%) Freeze-thawing
Chitosan/CC10/FT 90 10 4
Chitosan/CC20/FT 80 20 4
Chitosan/CC10/UFT 90 10 9
Chitosan/CC30/UFT 80 20 9
Fig. 2 FTIR spectra of untreated and thermally treated
hydrogels
Fig. 3 a Raman spectra, and b the IG/ID ratio of carbonized fibres at various temperatures
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phase (Richards 1968; Tuinstra and Koenig 1970).
The intensity ratio of the G band (IG) to the D band (ID)
was used to show the structural arrangement at
different temperatures. As shown in Fig. 3b, the IG/
ID ratio of carbonized fibres increased about 33%, in
going from 600 to 900 C, suggesting the rearrange-
ment of carbonized fibres from a disorderly to an
orderly state, which is facilitated at higher tempera-
tures (Lewandowska et al. 2015). In this study, the
carbonized fibres at 900 C were used for the fabri-
cation of composites.
SEM images of purified cotton and carbonized
fibres are shown in Fig. 4. Figure 4a is a schematic
representation of cellulose fibres with high aspect
ratio, twisted ribbon-like appearance, and dimension
in the range of 5–15 lm. Figure 4b illustrates that the
carbonization has not significantly influenced the
aspect ratio of cotton, as only a small number of
broken fibres is observed. As seen in Fig. 4, after
carbonizing cellulose fibres display a more uniform
dimensional distribution.
Composite
Cryogelation (freeze-thawing) was conducted prior to
solvent evaporation, in order to obtain more uniform
distribution of fibres and minimize agglomeration.
Hydrogen bonding networks, crystal formation, and
solvent-polymer phase separation are the key param-
eters through which cryogelation can control the
structure of hydrogels. Hydrogen bonding networks
are in their highly stable state at freezing temperature
(Bhumkar and Pokharkar 2006; Savina et al. 2016;
Severino et al. 2016). By increasing the temperature to
the upper limit of one cycle, many of the randomly-
formed intermolecular hydrogen bonds may be
destroyed due to increased local chain movement or
the optimum energy for the bond formation being
surpassed. However, since the duration of the upper
temperature of a cycle is shorter than that of the lower
temperature of the cycle, some intermolecular bonds
would remain in the gel structure. Re-freezing the gel
at a given lower temperature of the next cycle,
however, is very likely to result in a more uniform
bond formation between the neighbouring chains in
Fig. 4 Scanning electron microscopy (SEM) micrographs of a purified cotton linter, and b carbonized fibres (900 C)
Fig. 5 FTIR spectra of untreated and thermally treated
hydrogels
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the next layer, with undestroyed hydrogen bonds
between the chains. Repeating these cycles, setting a
new lower temperature limit each time, resulted in less
random conformation of the chains, stronger and more
orderly intermolecular hydrogen bonding networks,
and may limit chain mobility of polymer in more areas
of the hydrogel structure. This restricted chain mobil-
ity results in reduced displacement of fibres and
decline the possibility of local agglomerations.
Figure 5 illustrates the ATR-FTIR spectra of UFT
and FT. The characteristic N–H bending
(1525–1537 cm-1) of the cyclic cryogelated hydrogel
indicated a stronger peak, in comparison to that of
untreated sample. In addition, after the heat treatment,
the broad absorption peak between 3100 and
3600 cm-1 shifted to lower wavelengths and the
N…H stretching bond (3070–3300 cm-1) intensified
(Cao et al. 1998), indicating that the N…H hydrogen
bonds had higher stretching energy (Negrea et al.
2015); in good agreement with literature results;
where, for instance Pereda showed that the existence
of strong interactions increases the intensity of amide
bands on FTIR spectra of chitosan (Pereda et al. 2008).
Figures 6a and 6b are schematics of untreated and
cyclic cryogelated composite hydrogels, respectively.
Also visually, the homogeneity of the fibre distribution
can be observed when composite solutions (Fig. 6c
and 6d) and dry hydrogels (Fig. 6e and 6f) of unfreeze-
thawed and cyclic freeze-thawed composites are
compared.
Characterization of the electrical properties shows
that upon introducing carbonized cellulose fibres into
Fig. 6 Cartoons of
a untreated, and b freeze-
thawed samples. Composite
solution, c chitosan/CC20/
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the composite hydrogels, they exhibited electrical
conductivity (Fig. 7a). The resistance values of the
composites were measured using a multimeter with a
probe separation distance of 1 cm. Figure 7b shows
the variation of resistance (ohm) of composites with
respect to carbonized fibre content and cryogelation. A
decrease of about 14% in resistance was observed for
cyclic treated composites, with the increase of the fibre
content from 10 to 20%. This relates to formation of a
network of carbonized cellulose fibres throughout the
entire chitosan matrix. However, unfreeze-thawed
samples exhibited higher resistance values, both at
10 and 20 wt% fibre contents. Poor dispersion or
reaching a local saturation of fibre networks within the
matrix could cause lower enhancement of conductiv-
ity, for unfreeze-thawed samples. The conduction
uniformity of hydrogels was also tested using a
thermal camera while the maximum surface temper-
ature of samples reached about 63 C. As shown in
Fig. 7c, chitosan/CC20/FT demonstrated almost an
even distribution of surface temperature across the
range of the applied electric current. In contrast,
chitosan/CC20/UFT (Fig. 7d) exhibited a heteroge-
neous distribution of absorbed temperature with no
detectable rise of temperature in bigger domains.
According to literature, conductive polymers such as
poly (aniline) (Hu et al. 2008; Thanpitcha et al. 2006)
and poly (pyrrole) (Huang et al. 2010; Yalçınkaya
et al. 2010), have been used to introduce conduction
properties to chitosan composites. While conductive
polymers like poly (aniline) and poly (pyrrole) may
impose higher conductivity to the polymer matrix, the
advantage of cellulose based conductive fibres is their
greater availability as well as nontoxicity.
The effect of cyclic freeze-thawing on mechanical
strength of composites was evaluated by tensile testing
(Fig. 8a, b). Both the fibre content and cryogelation
influenced tensile properties of hydrogels. The tensile
strength of composite increased with the concentration
of the carbonized fibre filler, exhibiting an increase of
about 27% (from 104 ± 6 to 132 ± 5) for chitosan/
CC20/FT compared to that of chitosan/CC10/FT. This
can be due to high compatibility between the canalic-
ulated surface of carbonized cellulose fibres (see
supplementary Fig S2) and chitosan, leading to the
restriction of chitosan molecular mobility (Alemdar
and Sain 2008; Nasri-Nasrabadi et al. 2014b). How-
ever, untreated hydrogels did not show similar
enhancement with increasing fibre content. The tensile
strength of chitosan/CC20/UFT showed only 15%
reinforcement, in comparison to that of chitosan/
CC10/UFT. Besides, it can be seen that both tensile
Fig. 7 a LED setup and
b conductivity values of
hydrogels; Surface
temperature of c chitosan/
CC20/UFT and d chitosan/
CC20/FT
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strength and elongation at break of untreated samples
are at lower levels, in comparison to those of freeze-
thawed hydrogels. The elongation at break of chitosan/
CC20/FT is about 40% higher, compared to that of
chitosan/CC20/UFT. The higher toughness of heat-
treated hydrogel can be due to more uniform distri-
bution of fibres throughout the entire chitosan matrix
and hence reducing the chances of stress concentra-
tions on polymer-fibres interfaces. Figures 8c, d
display the hysteresis loss diagrams of chitosan/
CC20/UFT and chitosan/CC20/FT. The first hysteresis
loss of chitosan/CC20/UFT (4.32 kJ/m3), was almost
2 times greater than that of the chitosan/CC20/FT
(2.26 kJ/m3). We propose that the hysteresis loss is
due to the uncoiling of the amorphous chains and
breaking of bonds between crystalline domains of
polymer (Zhang et al. 2012). An increase in crystalline
domains with orderly bonding networks could result in
a hydrogel with a higher elastic modulus, increased
tensile strength and lower plastic deformation.
Conclusion
Uniform dispersion of fibres has been a challenging
step in the fabrication of conductive composites. In
this work, a conductive 3D composite was fabricated
from chitosan and carbonized cellulose fibres by using
a new approach that combines cyclic cryogelation and
cold drying. The cyclic heat treatment resulted in a
more uniform distribution of fibres throughout the
matrix as a consequence of an orderly network of
hydrogen bonds. In addition, due to the limited fibre
agglomeration, the cyclic freeze-thawed composite
Fig. 8 a Typical stress–strain curves, b tensile parameters of hydrogels, and loading–unloading tensile performance of c chitosan/
CC20/UFT and d chitosan/CC20/FT
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displayed a structure with more even thermal distri-
bution, lower electrical resistance, and higher tensile
strength for the same fibre content. The suggested
cyclic cryogelation technique offers a successful
solution to the agglomeration problem of fibres in
conductive composites where the use of chemical
surfactant or high tension physical treatment adversely
influence the performance of the fibre. This method
can also facilitate the fabrication of other matrix/fibre
combinations for applications such as biosensors,
biomedical devices, and soft robotics.
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7. Conclusion, findings, and recommendations
for future works 
Conclusion and findings 
• Preparation of a time-independent chitosan/carbon tubes solution for 3D
printing
The carbon microtubes were synthesized via high temperature carbonization of 
chemically purified cellulose fibres. Microcaviation was conducted to create a 
nanogrooved topography on the surface of carbon microtubes. Nanogroowing resulted 
improved interfacial interactions with the chitosan polymer matrix, in the absence of 
any chemical modification in the ink. The prepared composite solution represented 
stable rheological behaviour, which remove holding time restriction from the 
extrudate. Surface nanogrooving also resulted in an improved mechanical strength of 
composite, due to stronger interfacial interactions. 
• Wet 3D printing of conductive composite structure
A solvent exchange batch with optimized ionic crosslinker and anti-solvent 
concentration was used to quickly solidify the printing ink, which is required for 
construction of multilayered structures. This printing/coagulation technique (wet-3D 
printing), enabled the fabrication of predefined complex multilayer structure, with a 
tailored control on final shape, size, and porosity. In this work, the effect of 
processing parameters such as pressure and nozzle-platform distance was investigated 
on the final quality of the structure. 
• Wet 3D printing of a stretchable chitosan/carbon microtubes composite
87
A stretchable and flexible conductive composite was also fabricated from a 
chitosan/carbon microtube ink. An acidic mixture solvent (acetic acid, citric acid, and 
lactic acid) was used. In addition to the plasticizing effect, this acidic solvent enables 
dissolving of high percentage of chitosan. It was found that the synthesized ink results 
in rubbery-like properties compared to the structures fabricated through the 
conventional methods (the more traditional methods only used acetic acid as the 
solvent). It was also found that epoxy crosslinking reinforces the mechanical 
properties of the conductive composite. 
• Cyclic cryogelation: A novel approach to control the distribution of
carbonized cellulose fibres within polymer hydrogels
In this study, a conductive composite was fabricated with high uniformity of carbon 
tubes within chitosan as the polymer matrix. Cyclic cryogelation was performed to 
orderly formation of hydrogen bonding networks, which limits the chain mobility of 
polymer. This restriction minimizes local agglomerations of the conductive filler 
within the matrix and therefore increases the dispersion uniformity of carbon tubes 
across the composite structure. It was found that the composite samples display more 
even thermal distribution, lower electrical resistance, and higher mechanical strength 
after the cyclic cryogelation. 
Recommendations for future works 
• During last decades, the fabrication of stretchable conductive composites as
wearable sensing devices has been widely studied. The use of 3D printed
stretchable chitosan/carbon microtubes can grow rapidly if the issues
attributed to comfort, reversibility, and acceptable analytical performance are
resolved, in future works.
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• An important issue of natural polymer based conductive composites is their
reliability under UV, heating, humidity, and temperature, which required to be
addressed in future works.
• In biomedical applications, 3D printing of electrical stimulus responsive
natural polymer structures with the ability of drug or protein loading can get
attentions. The use of conductive composites as drug carrier devices can
enable precise control over the drug delivering via applying electrical pulses.
However, in commercial and clinical usage the interactions between the
materials and drug have to be analysed and investigated.
• The use of 3d printed conductive composites in vascularization leads to
cellular response and tissue healing, which results in a more predictable and
repeatable experiments in invitro analyses. However, the fabrication process
and materials selection need extensive investigations because of human body
complexity.
• 3D printing have been applied for the fabrication of three dimensional energy
storage devices; however, the power and energy density are still far to be
commercially applicable. To overcome this problem, the use of multi-material
printing technologies to produce complex electrodes in customized
configurations can be considered. Moreover, direct integration of external
electronics with the printed energy storage device can further modify their
practical efficiency.
• 3D printing of low density ultrathick energy storage structures is another
expected future work. Ultrathick three dimensional hierarchical nano/micro
structure devices with low tortuosity enable fast lithium ion transportation and
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high electron conduction, which boost the overall volumetric capacity of the 
device. 
• The mechanical strength and elasticity of the 3D printed composites fabricated
in this work can be strongly influenced by the actual loading values and strain
rate. Therefore, as a future work, the composite structure can be subjected to
theoretical modelling and constitutive modelling to further evaluate the effect
of these parameters on mechanical performance of the composite materials.
• 3D printing of electrical stimulus responsive natural polymer structures with
the ability of drug or protein loading has important biomedical applications.
These structures enable tailored control of drug/ or protein delivering, which
can be patient-matched to treat specific diseases. In this approach, the
interactions between the materials and drug/ or protein, protein and protein, or
drug and protein, during the process needs to be optimized and improved.
In vascularization, the incorporation of nanostructured drugs or proteins in the
electro responsive 3D printed cardiovascular devices can result in improved
tissue healing and cellular response in invitro analyses.
